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INTRODUCTION:

In breast cancers, the androgen receptor (AR) is more widely expressed than estrogen receptor alpha (ER) or the
progesterone receptor (PR) (1), which are used as therapeutic targets and biomarkers, suggesting a potential role
for AR in BC. We examined the primary tumors of women treated with tamoxifen or aromatase inhibitor
therapy and found that a higher AR to ER protein ratio correlates with worse response to traditional the anti-
estrogen tamoxifen (see figure 1 in our published manuscript Cochrane et al in the appendix) (2). To explore the
function of AR in models of the three main subtypes of breast cancer (ER positive, ER negative and Her2+), we
are using a new-generation AR inhibitor, enzalutamide, which impairs nuclear localization of AR. This is a very
different mode of action than previous generation anti-androgens such as bicalutamide (Casodex), which is a
competitive inhibitor of endogenous androgens that allows ligand-mediated nuclear localization of AR.
Enzalutamide has shown success in the clinic in patients with late stage prostate cancer refractory to
bicalutamide (3) and is now FDA approved as a prostate cancer therapy. The research in this proposal seeks to
determine whether inhibition of AR with enzalutamide will be effective in breast cancer and utilize preclinical
models to determine if and how it should be combined with currently used standard of care treatments in the
three main types of breast cancer, with the primary objectives of the research being to guide the design of future
clinical trials with enzalutamide.

KEYWORDS: Breast cancer, androgen receptor, estrogen receptor, growth factors, enzalutamide, endocrine
resistance, targeted therapy

ACCOMPLISHMENTS: Below we describe for each task in the official statement of work the major activities;
specific objectives; significant results or key outcomes, including major findings, developments, or conclusions
(both positive and negative); and/or other achievements. We include a discussion of stated goals not met or
tasks not fully completed. For some of the tasks we are ahead of schedule. We include pertinent data and graphs
in sufficient detail to explain significant results achieved. Detailed description of the methodology used is
provided in the methods section of two manuscripts in the appendix. The first manuscript was published in
January of 2014 and the second one is about to be sent out for review, likely this week.

The objective of Stage I of this proposal is to rapidly generate preclinical data testing enza alone or in
combination with standard of care therapeutics in different subtypes of BC to help guide the clinical trials
described in Stage Il (PI clinical partner Anthony Elias, M.D.) and steer the rational design and focus on
patients most likely to benefit from enzalutamide alone or in combination with currently used therapeutics.

Preclinical Aim 1. To test enzalutamide (enza) in combination with currently approved therapies for breast
cancer (BC) in the various subtypes of BC. Year 1, months 1-12
Task 1 — Evaluate enzalutamide in ER+/AR+ BC lines (MCF7, BCK4) and explant (PT15) in combination
with anti-estrogen therapy. Months 1-4. 75% completed.
Task 2. Test enza in three different tamoxifen resistance models in vitro. Months 1-4
(30% complete)
Task 3. Test enzalutamide in combination with Her2 directed therapy in ER+ and ER- Her2+ models
Months 13-18 (25% complete)
Task 4. Examine enzalutamide in combination with an mTOR inhibitor (Afinitor/everolimus) Months 7-10
(25% complete)
Task 5. In true TNBC cell lines and explants that retain AR, enzalutamide will be evaluated alone and in
combination with chemotherapy and everolimus, in vitro and in vivo. Months 12-15 (30% completed
ahead of schedule).



What was accomplished under these goals?

Task 1 — Evaluate enzalutamide in ER+/AR+ BC lines (MCF7, BCK4) and explant (PT15) in combination with anti-
estrogen therapy. Months 1-4. (75% completed).

For this task we have performed in vitro and in vivo experiments with MCF7 cells in our published paper
(Cochrane, D.R. et al Breast Cancer Research) (2) and in unpublished work described below. We find that
enzalutamide (Enz) effectively inhibits androgen-stimulated growth of ER+/AR+ xenograft models (Figure 2
and 3 in Cochrane DR et al 2014 in appendix) and is as effective as tamoxifen at reducing the viability of
estradiol (E2)-driven MCF7 xenografts (Figures 5 and 6 in Cochrane et al 2014 in appendix). This is very
important since we also demonstrated that women whose primary tumors express a high percentage of AR+
nuclei as compared to ER+ nuclei have significantly higher likelihood of recurrent disease while on the anti-
estrogen tamoxifen and shorter disease free survival (Figure 1 of Cochrane et al 2014 in appendix).

Since we demonstrated in our published work that Tam and Enz work equally well to inhibit growth of estradiol
(E2) induced ER+/AR+ breast cancer xenoograft tumors (2), we performed an experiment with Enz and Tam
combined as compared to either drug alone in vivo in nude mice and find that Tam and Enz combined are
superior to either drug alone (Figure 1).

Figurel. Combination of enzalutamide plus tamoxifen inhibits estrogen-stimulated growth of MCF7 tumors more
effectively than either drug alone. MCF7-TGL cells stably expressing luciferase were implanted orthotopically in the
mammary gland of ovariectomized female nude mice. E2 pellets were implanted SQ in all mice at the time of injection.
Tumor growth was monitored by caliper and VIS measurement. When tumors reached an average of 100mm?, mice were
randomized into four groups given either: control chow (E2), chow containing 50 mg/kg enzalutamide (E2 + enza),
control chow plus a tamoxifen pellet implanted SQ (E2 + tam), or chow containing enzalutamide plus a tamoxifen pellet
(E2 + tam + enza). Tumor burden was measured by whole body luminescence. A. Mean total flux. Mice were matched on
day -4 and readings taken on the indicated days following beginning of treatment (day 0). * p<0.05, *** p<0.001,
ANOVA with Bonferroni’s multiple comparison test correction. B. The total luminescent flux is shown for individual mice
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Because we observe that drugs like Enz and MJC13 (4), that keep AR out of the nucleus, inhibit estrogen-
mediated tumor growth, whereas the older generation anti-androgens such as bicalutamide do not, our
overarching hypothesis for ER+/AR+ breast cancers is that AR actually helps ER to regulate certain genes or
that AR regulates genes necessary for estradiol-mediated growth, and therefore inhibiting AR nuclear
localization decreases E2/ER-mediated tumor growth. Consequently, we believe both Tam, working as a
competitive inhibitor of endogenous estrogen for binding to ER, and Enz, which keeps AR out of the nucleus
and seems to thereby affect ER, would work well together to inhibit E2-mediated tumor growth by two different
mechanisms. In order to demonstrate true drug synergy, postdoctoral fellow Dr. Nicholas D’ Amato sought to
evaluate Tam and Enz or another anti-androgen that keeps AR out of the nucleus, MJC13 in vitro (Figure 2) to
test whether enzalutamide combined with tamoxifen would inhibit proliferation of ER+/AR+ cells. The ability
of Enz to synergize with tamoxifen and the ER degrader fulvestrant, were then tested formally with multiple
doses using a program called Calcusyn (Figures 3 and 4).

Figure 2. Tamoxifen combined with either enzalutamide or another anti-androgen that keeps AR out of the nucleus,
SO Tam+Enza Day 5 MJC13, works better than tamoxifen alone.
MCFT CotConisnc A SR MCF?7 cells were cultured in phenol red-free
MEM with 5% DCC for 3 days. Cells were then
treated with the indicated compounds for 6 days,
and cell growth (as measured by percent
confluence) was monitored over time (left panel).
Data from Day 5 is show as bar graphs (right
panel).
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Figure 3. Tamoxifen and Enzalutamide act synergistically in ER+AR+ MCF7 breast cancer cells. MCF7 cells were
treated with multiple doses of Enzalutamide and Tamoxifen alone or together for 72 hrs and proliferation measured by

percent confluence by

Incucyte (Essen Bioscience).
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number was assessed over 7 days by crystal
violet staining. Fold change at Day 7 is
presented on the right. (B) ER+/AR+ ZR-75-1
cells were treated with varying doses of enza,
fulvestrant, or both drugs, and cell number
was assessed by crestal violet staining.
Combination Index was calculated to measure
synergy using the Calcusyn program. (C)
ER+/AR+ BCK4 cells were treated with
varying doses of enza, fulvestrant (ICI), or
both drugs, and cell number was assessed
using the Incucyte ZOOM Kkinetic live-cell

Because the ER degrader, Fulvestrant is used clinically after resistance to tamoxifen or aromatase inhibitors, we
decided to determine if there was any added benefit or synergy achieved by adding enzalutamide with
fulvestrant. We find synergy between these two drugs in two other ER+/AR+ breast cancer cell lines (BCK4
and ZR75) and that the effective dose of fulvestrant can be reduced by adding Enza (Figure 4 and 5). Clinically,
this would be beneficial since Fulvestrant is given IM currently and it is difficult to achieve the effective dose,
so being able to give a lower dose with just as good response or better would be very beneficial.



Figure 5. Enza and fulvestrant synergize to oppose E2-mediated proliferation in ER+AR+ ZR75-1 cells. Cells were
plated in phenol red-free media containing 5% charcoal-stripped FBS for 72hrs, then treated with varying doses of
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Figure 6. Description of PT15 and PT12 ER+ AR+ patient derived xenografts (PDX). Table from Kabos et al Breast
Cancer Research and Treatment 2012 describing PDX, including PT15 and PT12 (top). Western blot of cell lines isolated

from the PT12 and PT15 xenografts (bottom).
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In retrospect, this inconclusive result maybe be due to the fact
that this tumor now apparently has undetectable amounts of
both ER by IHC and western blot of a cell line from this tumor
shows no ER and very little of either receptor (Figure 6
bottom) compared to another explant PT14 or the BCK4 cell
line which was recently established from a ER+/PR+ patient
by our collaborator, Dr. Britta Jacobsen (6). Although PT12
grows slower in culture it is more E2-dependent and has much
higher AR, so in the future we will try to repeat this
experiment with the PT12 tumor or the BCK4 cells.

Figure 7. Effects of Enzalutamide and/or Estradiol on the growth
of PT15 patient tumor derived xenografts (PDX). Tumor growth
curves of PT15 PDX grown in the absence (A) or presence (B) of
Estradiol (E2) with or without Enza. The dotted line shows the
commencement of Enza treatment. C) Final tumor volumes for each
treatment group are shown. At least 4 tumors are shown per group.
There was no statistical significance between groups by ANOVA.

We now hypothesize that AR helps mediate E2-bound ER to
transcribe genes involved in breast cancer cell proliferation of
ER+/AR+ tumors. Indeed, we find that estrogen-mediated
proliferation is decreased when we knockdown AR in MCF7
cells (Figure 8).

Figure 8. Enza and AR knockdown inhibit growth of ER+/AR+ breast cancer cells. (A) MCF7 cells were grown in soft
agar and treated with enza (10uM), fulvestrant (ICI, 1200nM), or both, and colony number was assessed by ImageJ

software. (B) Tamoxifen-resistant MCF7 cells
from the Yee lab were treated with the indicated
drugs for 7 days and cell number was assessed
by crystal violet staining. (C) Western blot
showing knockdown of AR protein with two
different sShRNAs in ER+/AR+ MCF7 cells. (D)
MCF7 cells with a control shRNA or AR-
targeting shRNAs were treated with vehicle or
E2 and cell number was measured by crystal
violet.

Towards understanding the mechanism
whereby inhibition of AR with anti-
androgens that inhibit AR nuclear
translocation, we find that AR moves to the
nucleus with E2 treatment, albeit not as well
as it does with its cognate ligand, DHT, and
that Enz impedes both DHT and E2
mediated nuclear localization, but
bicalutamide does not. This was
demonstrated in two different ER+AR+ lines
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(MCF7 and ZR75-1) and figure 9 shows a western blot and quantification for ZR75-1 that demonstrate this
finding.

Figure 9: Both DHT
and E2 treatment
drive AR nuclear
i B .. translocation. (A)
Western blot of
cytoplasmic and
967 nuclear fractions of
ZR-751 cells treated
with DHT or E2 for
3hrs. Nuclear and
cytoplasmic protein fractions were collected using the NE-PER nuclear protein extraction kit (Thermo Scientific).
Following western blotting, nuclear AR protein was quantified by densitometry and normalized to Topol using Image
Studio Lite (Li-Cor).(B) Nuclear AR levels were quantified by densitometry normalized to TOPOI loading control
and shown relative to vehicle control.
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We next asked whether ER was necessary for E2 to make AR move to the nucleus and we tested for E2 induced
nuclear localization of AR in the ER negative breast cancer cell line MDA-MB-453 and do not observe any
nuclear localization with E2 treatment, while AR does translocate to the nucleus in the presence of the
androgen, DHT (Figure 10).
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Figure 10. In ER negative MDA-MB-453 cells AR
moves to the nucleus with the androgen DHT, but
not with E2. iCells were plated in media containing
5% charcoal-stripped FBS for 72hrs, then treated
for 3hrs with Vehicle, 10uM Enza, 10nM DHT,
10nM E2, or the indicated combinations.

In summary, given that enzalutamide, an AR

MIDA453 Nuctear AR Signal 20140328 antagonist that inhibits AR nuclear localization

affects E2-driven tumor growth, affects E2-
driven proliferation and E2 stimulates
movement of AR to the nucleus in an ER-

.. dependent manner, the next logical step

— towards determining the mechanism by which

enzalutamide works in ER+/AR+ breast cancer

cells is to perform chromatin immunoprecipitation assay (ChlP) for ER minus and plus estrogen, with and

without enzalutamide. We will thereby determine if inhibiting AR nuclear localization affects ER binding to

chromatin. These studies are underway and we anticipate having results in the next quarter.
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The clinical trial of Enz with the aromatase inhibitor exemestane is currently underway for
postmenopausal women diagnosed with ER+AR+ breast cancer. However, it is my opinion, based on our in
vitro and in vivo studies presented above, that Enz may work well in premenopausal women with ER+AR+
tumors when combined with tamoxifen. It should likely at least be utilized in women whose tumors recur while
on tamoxifen or then combined with fulvestrant, the standard second line therapy in these cases. Based on our
studies examining the ratio of AR to ER and outcome in archival primary breast cancers of women treated with
tamoxifen that demonstrated that tumors that had a high amount of AR compared to ER had a > 4 fold increase
of recurrence while on tamoxifen (2), it is likely that tumors with a 2 fold or greater percentage of cells positive



for AR as compared to ER, may be excellent candidates for either Enz combined with tamoxifen or fulvestrant.
This leads into Task 2.

Task 2. Test enza in three different tamoxifen resistance models in vitro. Months 1-4
Institutional Animal Care and Use Committee (IACUC) DoD and ACURO for Tasks 3-5. Months 1-4.

We had a setback in this task because the best model of tamoxifen resistance was the Tam R cells that were
made by Dr. Doug Yee at the University of Minnesota Cancer Center (7) since they carried the parental MCF7
cells and treated them the same way except for chronic exposure of the Tam R cells to tamoxifen to generate the
resistant cells. Unfortunately, when we tested these cells for mycoplasma contamination upon receiving them,
they were positive. Dr. Yee sent an earlier passage, but these were still contaminated, albeit at a lower level. We
therefore treated them for mycoplasma and they now test negative. Then we labeled them with a vector
containing luciferase to be able to use them in vivo for IVIS imaging in mice. Interestingly these cells have
equal amounts of AR and ER, but the transcription factor FOXAL that serves as a pioneer for both factors is
higher in the tamoxifen resistant line (Figure 11A). In vitro tests of these cells show that they indeed do not
respond to tamoxifen, but are responsive to Enza and MJC13 (anti-androgens that inhibit AR nuclear
localization) (Figure 11B).

Figure 11. Tamoxifen resistant MCF7 cells developed in the laboratory of Dr. Doug Yee have increased
amounts of FOXAland are responsive
to new generation anti-androgens. (A)

A. B.
& 8 Western blot for AR, ER, and FoxALl in
& & 7 | | lysate from MCF7L and MCF7L-TamR
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stripped FBS were treated with 100nM Tam,
10uM ENZ, 30uM MJC13, or 1uM Bic for 7
R - v days and cell number was measured by
Treatment crystal violet staining. *** p<.001 by
ANOVA.
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Although we have not met the goal of testing enza in three different tamoxifen resistant models in vitro,
we think this model is the best and we are ready now to grow these cells as well as the parental as xenograft
tumors in nude mice and will do so in the first quarter of the second year. Recently, Dr. Suzanne Fuqua reported
that in MCF7 cells engineered to overexpress AR and the enzyme aromatase, sensitivity to the aromatase
inhibitor was restored with AR antagonists and they suggest that their results indicate that both AR and ERa.
must be blocked to restore sensitivity to hormonal therapies in AR-overexpressing ERa-positive breast cancers
(8). AR contributed to ERa transcriptional activity in these MCF-7 AR Arom cells, and AR and ERa co-
localized, suggesting cooperation between the two receptors. In other words they agree that clinically, blocking
both AR and ERa may be necessary in patients whose tumors express elevated levels of AR and lower ER.

We will soon (within the next quarter) put these TamR cells along with parental MCF7 cells into mice
and determine if they are responsive to Enz in vivo, while not responding to tamoxifen, or whether Enz
combined with tamoxifen will now render the tamoxifen effective. The parental, tamoxifen sensitive cells will
serve as a positive control. Recently results on another tamoxifen resistance model have been published and we
will try to obtain these cells as well (9). The other model that we were originally thinking of using were the
LTED (long term estrogen deprived) cells. However, we have decided that estrogen independence may be a
different issue than tamoxifen resistance. We may, however, come back to using that model eventually.

Before we discuss the other tasks in Aim1, we wanted to report findings pertaining to Aim 2 that
involve finding the mechanism by which Enz affects E2-driven tumor growth and this data actually



pertains to Preclinical Aim 2 of the grant and was not actually originally scheduled to start until month
12 as stated below. However, in order to publish our findings that the anti-androgen Enz works as well
as tamoxifen and in combination with tamoxifen and fulvestrant, we really needed to get to the
molecular mechanism by which it does so in order to publish in a high-quality journal.

Preclinical Aim 2. Using samples collected from the xenograft studies, examine if and how the
mechanism of action by which enzalutamide works in the various subtypes of breast cancer.
e Task 1. Perform IHC on xenograft tumors for AR, ER, Her3, BrdU, FOXAL1, SDF1, Cyr61 or other

potentially relevant proteins. Months 12-18.
Our immunostaining of ER in E2 driven MCF7 xenograft tumors demonstrated that the anti-androgen Enz is
somehow inhibiting ER nuclear upregulation, whereas Tam causes an increase in ER (a known effect). (Figure

12).
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Figure 12. Enzalutamide (Enza) affects ER
protein differently than tamoxifen in vivo.
Immunohistochemical staining of ER
performed on formalin-fixed paraffin-
embedded MCF7 xenograft tumor sections
(n=8E2and E2+TAM, and n=9

E2 + Enza) scored by pathologist for (A)
percent positive nuclear staining

(**P < 0.005) and (B) intensity. (C) Overall
percent positive signal quantified by ImageJ.
*P <0.05. (D) Representative images at
1,000 x.

We performed IHC for two E2 regulated
proteins that have previously been reported
to help mediate E2 proliferative action
(SDF1 and Cyr62) and they were not
different in the E2 alone versus E2 plus Tam
or E2+ Enz MCF7 xenograft tumors (data
not shown), so we decided global profiling

was necessary and proceeded to make RNA from the frozen tumors as we had proposed to do in Task 2 below.

Task 2. Make RNA from xenografts. Perform profiling. Analyze data. Months 15-18.



In order to determine the mechanism whereby Enz, an anti-androgen that binds to AR but not ER, affects E2-
stimulated tumor growth, we made RNA from the MCF7 xenograft tumors stimulated with E2 only as
, . compared to E2 plus Enz or E2 plus
@ [ ] E2[+ EQ | | | QTanln | I tamoxifen and performed gene expression
profiling on Affymetric Human Gene
Arrays (Figure 13). Again, we are a bit
ahead of the game here as we have started
to analyze the gene expression profiling
data.
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abitbyEnza | Figure 13. Enzalutamide and tamoxifen
regulate some of the same genes when they
oppose E2 regulated tumor growth in MCF7
xenografts, but other gene clusters are
differentially regulated. RNA was harvested
from MCF7 xenograft tumors grown in

ovariectomized mice treated with either E2, E2

Increased by Enza, ‘
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Decreased by Enza.
only
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Increased by Tam ‘
r
,,L

only
plus tamoxifen, or E2 plus enzalutamide (6
Dz;f:i:d tumors per group) from a published experiment

(Cochrane et al Breast Cancer Research,

=, 2014). We performed mRNA expression
profiling on Affymetrix Human Gene 2.0ST arrays to examine potential genes significantly changed by either tamoxifen or
enzalutamide treatment. Data analysis was performed using Partek Genomics Suite. One-way ANOVA analysis was
performed to identify significant changes in gene expression between the three groups. A p-value cut-off of 0.05 was
employed, and a list of genes was generated in which expression was significantly different between treatment groups.
Supervised hierarchical clustering analysis of this gene list resulted in separation of the three treatment groups, as shown
in the heatmap. Columns represent individual tumors (red=E2 only; orange=E2+Enza; yellow=E2+Tam), and rows
indicate individual genes (red=upregulated, blue=downregulated).

When we examine the data shown in Figure 13 we find that tamoxifen (Tam) and enzalutamide (Enz) are
largely affecting different genes. There are only two clusters where genes are either increased by both drugs, or
decreased by both; however both drugs are inhibiting the growth of ER+ MCF7 xenograft tumors equally well
as we demonstrate in our paper that came out at the beginning of this year (2). When we look specifically at
previously identified estrogen regulated genes we observe that Tam is a much stronger inhibitor of E2 regulated
genes (as it should be since it is a competitive inhibitor of estradiol) while Enz has only a minimal effect on
most known ER regulated genes. This makes sense, because while Enz has been shown to bind AR with high
affinity, it does not directly bind to ERalpha or beta.

It is clear that some genes are regulated by both drugs, but many other genes are regulated only by one or the other.
Interestingly, three genes that have previously been described as being essential for E2-driven tumor growth were
significantly downregulated by enzalutamide, TFF3, SPDEF and CXCR4, but not significantly affected by tamoxifen
(Figure 14). The Ets transcription factor SPDEF (also known as PDEF), was previously been identified by the Brugge lab
to act as a survival factor for ER positive breast cancer (10). Interestingly, in the Cancer Cell Line Encyclopedia, we find
that SPDEF is the gene that correlates best with AR expression in all cancer cell lines and this is also true when only the
breast cancer cell lines are examined (Figure 15). We are currently working up a protocol to perform
immunohistochemistry for SPDEF, TFF3 and CXCR4 to determine if they are decreased at the protein level by Enz in the
xenograft tumors and then ultimately in specimens from the clinical trial in ER+ breast cancers.
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Figure 14. Genes significantly affected by enzalutamide but not tamoxifen. From the same MCF7 xenograft experiment
described in figure 1, ANOVA analysis was performed to identify genes that were differentially expressed across
treatment groups. Hierarchical clustering was performed to visualize groups of differentially regulated genes. This
heatmap depicts genes significantly regulated by enzalutamide, but not tamoxifen. The cutoffs were p<0.04 and fold
changes <-1.5 or >1.5 between E2 alone and E2 + Enza. Protein coding genes as well as non-coding RNA s were
included in the list. Genes are indicated in rows, and samples are separated by columns. Red indicates and increase in
expression, and blue indicates a decrease in expression.
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Preclinical Aim 1

Task 3. Test enzalutamide in combination with Her2 directed therapy in ER+ and ER- Her2+ models.
Months 13-18. We are ahead of the game on this task, which involves testing enzalutamide in combination with
Her2-directed therapy in models of the Her2+ breast cancer subtype since ~60 % of Her2+ breast cancers are
AR positive (1). We have analyzed the combination of Enz with trastuzumab and found that they do act in a
synergistic manner. In the MDA-453 cells, which are Her2 overexpressing, but not amplified to the degree to
qualify as true Her2 amplified in the clinic, Enza inhibits growth equally as well as trastuzumab, and the
combination of Enza plus trastuzumab has a significantly greater effect than either treatment alone (Figure 16,
top).One mechanism by which androgens

M ETAT4 promote growth of Her2+ cell lines is through
T | . Log —— =— upregulation of Her3 (11), and we show using
g _\:| g antibodies from Cell Signaling pHer3 (Y1197),
£ B ‘ = cat# 4561S; Her3, cat# 4754S that Enz is able to
3 I_l block DHT-mediated increase in both total and
: A5 phosphor-Her3 in two Her2+ cell lines, the
Veh ENZA Tras ENZA+Tras Veh #THSENZA+TraS MDA'MB‘453, and BT474 (a Herz ampllfled
& line that is also ER+) (Figure 16, bottom).
& & &
AR [ e = ar Figure 16. Effects of enzalutamide on Her2+
PHER? phospho-HERS  pyreast cancer cells. (A) MDA-453 or BT474 cells
ebsiHERe total-HER3 were cultured in media containing 1% FBS for 48

Tubulin

et hours then treated with Vehicle, 10uM enzalutamide,

20ug/ml trastuzumab, or Enza+Tras for 5 days, and
cell number was assessed by MTS. (B) MDA-453 or BT474 cells were cultured in phenol red-free media with 5% CSS for
48 hours then treated with Vehicle, 10uM Enza, 10nM DHT, or DHT+Enza for 48 hours. Lysate was immunoblotted for
AR , phospho and total Her3, and tubulin.

*p<.05; ** p<.01; ***p<.001

Enz also enhances the effect of trastuzumab in three additional Her2+ cell lines, the SKBR3, SUM-225 (Fig 17)
and the ZR75.30 (not shown). However, we were surprised to find that in these lines, androgen treatment does
not result in upregulation of either total or phospho Her3. Since inhibition of AR with Enzalutamide is still able
to decrease the growth of these cells, this suggests that there must be additional mechanisms by which AR
promotes growth. We therefore probed for phosphorylated Her2 and total Her2 (pHer2 (Y1248), cat#2247S;
Her2, cat#4290S both from Cell Signaling and indeed found that DHT increase the amount of phosphor Her2
and Enz decreases Her2 phosphorylation, while pHer3 and total Her3 remain unchanged (Figure 17). However,
we do not know the mechanism whereby Enz does this yet.
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Figure 17. Effects of enzalutamide on Her2+ breast cancer cells. (A) Left, SKBR3 cells were cultured in media
containing 1% FBS for 48 hours then
treated with Vehicle, 10uM enzalutamide,
20ug/ml trastuzumab, or Enza+Tras for 5
days, and cell number was assessed by MTS.
Right, SUM-225 cells were cultured in
media containing 5% charcoal stripped
serum for 48 hours then treated with Vehicle
or DHT plus 10uM enzalutamide, 20ug/ml
trastuzumab, or Enza+Tras for 5 days, and
cell number was assessed by MTS. (B)
SKBR3 and SUM-225 cells were cultured in
phenol red-free media with 5% CSS for 48
hours then treated with Vehicle, 10uM Enza,
10nM DHT, or DHT+Enza for 48 hours.
Lysate was immunoblotted for AR , phospho
and total Her3 and Her2, and tubulin.
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We recently found that enza also inhibits proliferation of trastuzumab resistant SKBR3 cells developed by Dr.
Francisco Esteva at MD Anderson Cancer (Figure 18 right).

Figure 18. Enzalutamide synergizes with trastuzumab in SKBR3 (Her2+) breast cancer cells and also is effective at reducing
proliferation of trastuzumab-resistant SKBR3 cells. SKBR3 or Pool2 (trastuzumab-resistant) cells were treated with 10uM ENZ,

20ug/ml Tras, or the combination

for 5 days and cell number was
measured by crystal violet
staining. *p<.05, *** p<.001,
****n<.0001 by ANOVA.

Enzalutamide induces
apoptosis in both the
parental SKBR3 and the
trastuzumab-resistant
SKBR3 cells (Figure 19).

Absorbance (540nm)

0.8+

o
)
L

o
k'S
L

oS
(X}
h

SKBR3 Day 5

*khkkk
—
——

*kk

*kk

el 1

Absorbance (540nm)

S
©
L

9
o
L

o
P
.

o
[
h

o
(=}
|

Pool2 Day $
1 *kk 11 * 1
I | . | 1
& @,‘\1? «oq' x«oe
Q/(‘

13



SKBR3 Apoptotic Index Pool2 Apoptotic Index
0.25 0.08
- Veh -~ Veh
0.20 -= Enza a6 = Enza
-+ Tras . -+ Tras

e
-
o

-+ Enza+Tras

ety

o
s
o

e

Apoptotic Index
Apoptotic Index

o
o
o

o
>
>
o
>
>

-+~ Enza+Tras

T T T 1
20 40 60 80

0 2 40 60 80 0
Time Time
SKBR3 68hr Pool2 68hr
0.25- 0.08- il
Khxk
I_I_I *kkk
x 0.204 x
= 3 0.064
£ 1]
° 0.154 KkEE Fxkk °
2 3 0.04
2 0.10 2
2 2
< .05 < 0.02
0.00 0.00
2> o 2 & o
RO (é(v i R KO Q}\'v s ;(«v
& &
< <

Figure 19. Enzalutamide increases
apoptosis in both parental SKBR3
cells and trastuzumab-resistant
SKBR (pool2) cells. Cells were
treated with 10uM ENZ, 20ug/ml
Tras, or the combination and
apoptosis was assessed using a
fluorescent Caspase3/7 reagent
imaged on the IncucyteZOOM Kinetic
live cell imaging system. Apoptotic
Index is the number of Caspase-
positive cells divided by total cell
number. ****p<.0001 by ANOVA.

Using multiple doses of
trastuzumab and Enz, we
demonstrated that these two drugs
are synergistic using the Calcusyn
program in the parental SKBR3

(Figure 20). The dose reduction index shows in both experiments that less of each drug could be use when the
two are combined to get the same reduction in proliferation. In contrast, in the trastuzumab resistant SKBR3
lines the two really do not act synergistically, but enzalutamide effectively reduces proliferation while

trastuzumab is very ineffective (Figure 21).

. . Enzalutamide Trastuzumab
Figure 20. Enzalutamide ' E———— oy
. . [Enza (uM) % Inhibition Tras (ug/mL) % Inhibition |
synergizes with , . ‘ . ‘
trastuzumab in Her2+ . 0.1 0-00:; _11_22_24:
o1 7.93% 1 4758
SKBR3 BC cells. SKBR3 — e

cells were treated with the
indicated concentrations of
Enza and/or Tras, and cell
number was measured using
the IncucyteZOOM Kkinetic =
cell imaging system. Data
from 72hrs is shown, all
calculations performed in
CalcuSyn software.
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Figure 21. Enzalutamide effectively inhibits proliferation in trastuzumab resistant SKBR3 (Pool 2) BC cells
Trastuzumab-resistant Pool2 cells were treated with the indicated concentrations of Enza and/or Tras, and cell number
was measured using the IncucyteZOOM kinetic cell imaging system. Data from 72hrs is shown, all calculations

performed in CalcuSyn software.
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Her2 + breast cancer lines are notorious for not growing well in vivo. However, our collaborator, Dr. Bolin Liu

has shown that the trastuzumab resistant SKBR3 and BT474 grow better in nude mice than their parental
counterparts (Figure 22). We have now labeled the trastuzumab resistant SKBR3 pool 2 cells with pLNCX2-
EGFP-Luc2, which expresses luciferase for IVIS imaging and will be testing enzalutamide compared to

trastuzumab and both drugs together in mice in the next several months.

Figure 22. Trastuzumab-resistant sublines exhibits significant growth advantage in vivo as compared to their
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Task 4. Examine enzalutamide in combination with an mTOR inhibitor (Afinitor/everolimus). Months 7-

10
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Initiation of Task4, testing enzalutamide in combination with the mTOR inhibitor Afinitor/everolimus has been
underway, primarily driven by postdoctoral fellow Michael Gordon. The PI3K/Akt/mTOR signaling pathway
and the androgen receptor (AR) signaling pathway are both important drivers of BC cell growth. mTOR
inhibitors such as everolimus have shown promising pre-clinical and clinical effectiveness in BC. However the
relationship between these two pathways and the potential benefit of dual inhibition has not yet been explored
in BC, particularly with respect to different BC subtypes. We find that the combination of Enz with everolimus
inhibits the growth of both parental SKBR3 and the trastuzumab resistant SKBRS3 cells in a synergistic manner
(Figure 23).

Figure 23. Enza + everolimus inhibits the growth of HER2+/ER- SKBR3 cells and trastuzumab-resistant SKBR3-
Pool2 cells. (A) SKBR3 BC cells and  (B) trastuzumab-resistant SKBR3-Pool2 cells engineered to stably express
nuclear-RFP were treated with increasing concentrations of enza and/or everolimus at doses indicated. Cells were
grown for six days in an IncuCyte live cell imager; images were recorded every four hours, and growth was measured
as a function of RFP fluorescence. Percent growth inhibition was calculated by subtracting from vehicle control
treated cells. Synergy was calculated using Calcusyn software, and a Combination Index <1 was indicative of
synergistic activity between the two drugs (highlighted in bold). Dose reduction index indicates the fold change
increase in single-agent drug that would be required to achieve the same amount of inhibition as the combination
indicated.
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The mTOR pathway integrates numerous signaling events to affect cellular proliferation, and it is a critical
driver of BC progression. Upstream of mTOR are proteins such as phosphoinositide 3-kinase (PI3K),
protein kinase B (AKT), and the human epidermal growth factor receptor (HER) family including HER2;
activating genetic alterations in these genes are among the most common in breast cancer. In turn, mMTOR
signaling activates many downstream effectors including steroid hormone receptors such as AR. Feedback
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loops among these pathways are maintained under normal cellular conditions. However alteration of
members of these pathways in cancer affects growth regulation in numerous ways. Importantly, PIK3CA
mutations and PTEN loss are associated with increased AR levels. Studies in prostate cancer cells have
shown that there is reciprocal regulation of AR and PI3K, whereby inhibition of the PI3K/Akt/mTOR
pathway results in activation of AR signaling, and vice versa. In these studies, dual inhibition of PI3K and
AR resulted in significantly reduced prostate cancer cell growth; these findings may translate to BC,
especially in light of our findings that androgens can drive breast cancer.

Preclinical studies and early clinical trials of the mTOR inhibitor everolimus have shown that therapeutic
inhibition of the pathway slows tumor growth and prolongs survival for some BC patients. Notably, the
recent BOLERO series of phase 11 breast cancer clinical trials demonstrated that everolimus provides
significant survival benefit, but this is limited to only some patients. For instance, the BOLERO-2 phase I11
clinical trial demonstrated that everolimus caused an increase in progression-free survival for patients with
ER+ breast cancer resistant to anti-estrogen treatment (12, 13). In contrast, the BOLERO-3 phase |11 trial
demonstrated a statistically significant, but clinically insignificant, increase in survival with everolimus in
patients with HER2+ breast cancer resistant to the anti-HER2 trastuzumab (14). We therefore hypothesize
that adding the anti-androgen Enz to everolimus might improve the efficacy of everolimus.

Interestingly, we find that treatment with everolimus increases the amount of AR protein and this may be why
combined inhibition of AR with Enz is beneficial since it abrogates this effect in both Her2 positive breast
cancers as well as TNBC (Figure 24). Thus, there is functional overlap and crosstalk between the AR, mTOR,
and HER2 pathways, and identifying new ways to exploit these pathways by understanding how they interact
and optimizing combinatorial use of their respective targeted therapeutics will be critical for improving survival
outcomes. In the next quarter we plan to put the trastuzumab resistant SKBR3 cell in vivo and test whether the
combination of Enz and everolimus will be effective in this model of Her2+ but trastuzumab resistant disease.

A. HER2+ BT474 cells B. TNBC BT549 cells E‘ﬁﬁ;?f; r OI\:7vrt]|‘Z]a0; Iivélr?ozlmg ; +
s ” BT474 cells and TNBC BT549
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Task 5. In true triple negative breast cancer (TNBC) cell lines and explants that retain AR, enzalutamide
will be evaluated alone and in combination with chemotherapy and everolimus, in vitro and in vivo.
Months 12-15 (50% completed ahead of schedule). We are ahead of schedule on this task. This project
examining the role of AR in TNBC has been largely conducted by graduate student Valerie Barton, and she has
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prepared a manuscript demonstrating that Enz may be able to serve as the first effective targeted therapeutic for
TNBC, which has the lowest five-year survival rate of invasive breast carcinomas. Recent studies demonstrate
that AR is expressed in up to one third of TNBC. AR is highly expressed in the "luminal AR (LAR)" molecular
TNBC subtype and we find a similar percentage of TNBC to be AR positive by immunohistochemistry. We
previously demonstrated that the anti-androgen enzalutamide (ENZ) effectively inhibits ER negative MDA-
MB-453 cells in vivo (2). Because of their high AR protein levels and ER negativity, the MDA-MB-453 cells
are considered a good representative of the LAR TNBC subtype. However, AR is also present in the other
“true” (non Her2 expressing) TNBC molecular subtypes, albeit at lower level and may present a broader
opportunity for targeted therapy. To test the hypothesis that non-LAR TNBC subtypes also critically depend on
AR and that AR inhibition would decrease tumor burden in preclinical models of non-LAR TNBC, Valerie
Barton utilized ENZ or shRNAs against AR. The results of her manuscript (see Barton et al in the appendix)
demonstrate that AR inhibition significantly reduced baseline proliferation, anchorage independent growth
(Figure 2), migration and invasion (Figure 5), and increased apoptosis (Figure 3), in SUM159PT, HCC1806,
BT549 and MDA-MB-231 cells. In vivo, ENZ significantly decreases cellular viability and increases necrosis
and apoptosis of SUM159PT (Figure 4) and HCC1806 xenografts (Supplemental Figure 1). Together, our
findings suggest that AR+ TNBC of multiple molecular subtypes depend on AR for proliferation and
migratory/invasive capacity, and, moreover, that ENZ may be efficacious in non-LAR molecular subtypes of
AR+ TNBC in the clinic. We find that the EGFR ligand amphiregulin (AREG) is upregulated by liganded AR
and decreased with addition of Enz in TNBC in vitro, and indeed the SUM159 xenografts treated with Enz
showed less AREG staining than did vehicle treated controls (Figure 6). We are currently repeating the
HCC1806 experiment with more mice (to improve statistics) and fewer cells (because the tumors got too big too
fast and even the control had a lot of necrosis (although the enza treated tumors had more). We also collected
some tumors early for molecular profiling to further confirm potential mechanisms of action.
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What opportunities for training and professional development has the project provided?

Cancer Biology Graduate Program doctoral candidate Valerie Barton and postdoctoral fellow Nicholas
D’ Amato have presented the following oral and poster presentations on this project at various national and local
meetings:

Nicholas D’ Amato Oral presentations:
Invited oral symposium presentation: Targeting Androgen Receptor in Her2-Driven Breast Cancer. Endocrine
Society Annual Meeting, June 2013, San Francisco, CA.

Invited short talk: Targeting Androgen Receptor to Inhibit ER+ Breast Cancer Growth. Keystone Nuclear
Receptors Meeting, January 2014, Taos, NM.

The Role of Androgen Receptor in Estrogen Receptor Activity in ER+ Breast Cancer. Functional Development
of the Mammary Gland Program Project Grant Retreat, February 2014, Aurora, CO.

Targeting Androgen Receptor to Inhibit ER+ Breast Cancer Growth. UC Denver Anschutz Medical Campus
Hormone Related Malignancies Retreat, March 2014, Aurora, CO.

Nicholas D’ Amato Poster presentations:

D’Amato, NC, D Cochrane, N Spoelstra, A Chitrakar, B Babbs, A Protter, A Elias, and J Richer. (Mar 2014)
Inhibiting Androgen Receptor Nuclear Localization Decreases ER Activity and Tumor Growth in ER+ Breast
Cancer. University of Colorado Postdoctoral Research Day, Aurora, CO. * won best overall poster award.

Valerie Barton Oral presentations:

Barton VN, D’Amato N, Richer JK. Targeting androgen receptor decreases proliferation and invasion in
preclinical models of triple negative breast cancer. Oral presentation at International Conference of
Endocrinology and The Endocrine Society, Chicago, June 2014

Barton VN, D’Amato N, Richer JK. Inhibition of androgen receptor reduces proliferation and invasion through
amphiregulin in triple negative breast cancer. Oral presentation at Functional Development of the Mammary
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Gland Program Project Retreat, February 2014.
Valerie Barton Poster presentations:

BartonVN, D’ Amato N, Richer JK. Targeting androgen receptor decreases proliferation of triple negative breast
cancer. Presented at American Association for Cancer Research: Advances in Breast Cancer Research:
Genetics, Biology, and Clinical Applications, October 2013.

Barton VN, D’Amato N, Richer JK. Targeting androgen receptor decreases proliferation and invasion of triple
negative breast cancer. Presented at ICE/ENDO, Chicago June 2014.

Barton VN, D’ Amato N, Gordon M, Elias, A, and JK Richer. Targeting androgen receptor decreases
proliferation and invasion in preclinical models of triple negative breast cancer. Presented at University of
Colorado Cancer Center Annual Retreat “Novel Experimental Models for Cancer Research,” September 2014. *
Won outstanding poster award.

= How were the results disseminated to communities of interest?

June 2013 Nicholas D’ Amato gave a presentation to a group of donors for the Colorado Springs, Colorado
Chapter of the American Cancer Society regarding the AR in breast cancer project.

July 2014 Nicholas D’ Amato was invited to Anchorage, AK as the keynote speaker for an event for a new local
chapter of the American Cancer Society - Making Strides kickoff event. | presented my work in lay terms to an
audience of 150+ people, and also had separate meetings with physicians, caregivers, and local ACS staff to discuss

Feb 2014 Dr. Richer was an Invited speaker for student Leading Edge Lecture Series. “Androgen Receptor in
Breast Cancer” City of Hope Duarte, California

=  What do you plan to do during the next reporting period to accomplish the goals?

During the next reporting period we plan to utilize either the BCK4 cells or the PT12 PDX to perform an
experiment testing enzalutamide, tamoxifen or the combination in E2 stimulated tumors. This will achieve the
goal of determining if Enz will be effective alone or in combination with an anti-estrogen in ER+AR+ breast
cancer in breast cancer model recently isolated from a patient since MCF7 cells have been in culture now for
many years. We will also put the tamoxifen resistant MCF7 cells in vivo and determine if they are responsive to
Enz in order to determine if Enz alone would be a viable therapy for breast cancers resistant to tamoxifen.

We will continue to analyze the profiling data from the MCF7 xenograft experiment and perform IHC for
SPDEF, TFF3 and CXCR4 on these tumors to confirm the gene expression profiling data at the protein level to
determine if decreasing these genes and their protein products is the way that Enz works to inhibit E2/ER driven
proliferation.

We will analyze data from the Chromatin Precipitation Experiment that we have performed to determine if
keeping AR from the nucleus with Enz will change where ER binds to chromatin.

We will also perform an in vivo experiment with trastuzumab and enzalutamide in the trastuzumab resistant
Her2+SKBR3 cells. We will also use these cells to test the combination of enzalutamide plus everolimus. We
will make RNA from these experiments and also paraffin enbedded some of the tumors for analysis.
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2.

IMPACT:
What was the impact on the development of the principal discipline(s) of the project?
These studies are helping to determine the role of androgen receptors in breast cancer and whether new anti-
androgens might be utilized as therapy for breast cancers that fail to respond or reoccur while women are on
current therapies such as anti-estrogens or trastuzumab. These studies have also provided preclinical
evidence that the anti-androgen enzalutamide could serve as the first effective targeted therapy for a subset

of triple negative breast cancers (TNBC). TNBC is the most aggressive type of breast cancer and there is
currently no effective treatment for TNBCs with de novo or acquired resistance to chemotherapy.

What was the impact on other disciplines? Nothing to Report.

What was the impact on technology transfer?
= Transfer of results to entities in government or industry: The results of this project are also reported to our
clinical industry partners Medivation Inc and Astellas Pharma who are running the clinical trials of
enzalutamide in prostate and breast cancer. They are very interested in our preclinical results combining
enzalutamide with other therapeutics currently being utilized in breast cancer since these results will guide
the design of further industry or investigator initiated clinical trials.

= What was the impact on society beyond science and technology?

= Since we have given reports of our research to several lay audiences in various community settings, we
believe we are improving public knowledge regarding how hormones typically thought of as male
hormones (such as androgens) are made by women and do affect women’s health.

CHANGES/PROBLEMS: Nothing to Report
Changes in approach and reasons for change .

Actual or anticipated problems or delays and actions or plans to resolve them
The delay caused by the mycoplasma contamination of the tamoxifen resistant cell line was reported above,
but now we have resolved this issue.
Changes that had a significant impact on expenditures. Nothing to report.
Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select
agents No significant changes, but we had to do a three year re-write of the protocol and that was approved
by the local IACUC and the DOD. IACUC approval 2/12/2014 and protocol expiry date 1/15/2017. Approval
of this rewrite was received 1/22 2014.
Significant changes in use or care of human subjects. None
Significant changes in use or care of vertebrate animals. None
Significant changes in use of biohazards and/or select agents. None

PRODUCTS:

Journal publications.
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Published:

Dawn R. Cochrane, Sebastian Bernales, Britta M. Jacobsen, Diana M. Cittelly, Erin N. Howe, Nicholas
C. D’Amato, Nicole S. Spoelstra, Annie Jean, Paul Jedlicka, Kathleen C. Torkko, Andy Protter,
Anthony D. Elias and J. K. Richer. Role of the Androgen Receptor in Breast Cancer and Preclinical
Analysis of Enzalutamide. BREAST CANCER RESEARCH 2014 Jan 22;16(1). PMID: 24451109

Designated as Highly Cited by the journal Breast Cancer Research.

Submitted:

Barton VN, D’Amato NC, Gordon MA, Lind HT, Spoelstra NS, Babbs B, Heinz RE, Elias A, Jedlicka P,
Jacobsen BM, Richer JK. Multiple molecular subtypes of triple negative breast cancer depend on
androgen receptor for proliferation and invasion. Submitted, September 2014.

= Books or other non-periodical, one-time publications. Nothing to report.

= Other publications, conference papers, and presentations.
Dr.Richer presented the following seminars/lectures/posters:

National meetings:

Richer, JK. Invited Symposia Lecture “Targeting the Androgen Receptor in Breast Cancer” AACR Advances in
Breast Cancer Research conference, Targeted Therapies | session. October 3-6, 2013 in San Diego, CA. * published
(Cochrane DR et al Breast Cancer Research 2014)

Richer, JK. Invited short talk: Role of Androgen Receptors in Estrogen Receptor Negative Breast Cancer. Keystone
Symposia on Nuclear Receptors: Biological Networks, Genome Dynamics and Disease., Taos, NM. Jan 10-15 2014

Richer, JK. “Targeting Androgen Receptors in a Subset of Triple Negative Breast Cancers.” One of two invited keynote
presentations for the MD Anderson Breast Cancer Research Program Retreat organized by Naoto Ueno, M.D. May
2014 *Barton VN submitted for publication see pdf in appendix

And abstract

Nicholas D’ Amato, Nicole Spoelstra, Anthony Elias, Jennifer Richer. Androgen Receptors in Estrogen
Receptor Positive Breast Cancer. Poster presentation at International Conference of Endocrinology and The
Endocrine Society, Chicago, June 2014

Local (Colorado)

2013 April 24 University of Colorado Endocrine Grand Rounds “Targeting Androgen Receptor Activity in
Breast Cancer”

2013 Sept 20 University of Colorado Cancer Biology Graduate Program Retreat-Targeting the Androgen
Receptor in Breast Cancer”

2013 Dec 12  University of Colorado Cancer Center Developmental Therapeutics Program Retreat- “Targeting
the Androgen Receptor in Breast Cancer - Preclinical Studies to Clinical Trials
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= Website(s) or other Internet site(s):

Expert Opinion piece in Oncology PracticeUpdate http://www.practiceupdate.com/journalscan/9370 or
http://prac.co/j/5960d32c-988b-423e-ba24-14ca5c8cc39a?elscal=soc_share-this acknowledgement of

federal support —no

Highlight of Cochrane DR et al Breast Cancer Research 2014 in Feb issue of 2014 NATURE
REVIEWS CLIICAL ONCOLOGY. acknowledgement of federal support —yes

= Technologies or techniques.

We performed gene expression profiling using the Affymetrix exopression array platform. After we have
fully analyzed this data we will add it to a publication and deposit the raw data in one of the public databases
for gene expression data such as GEO or whatever data base is requested by the journal.

= Inventions, patent applications, and/or licenses

Richer et. al., PCT Patent Application WO 2014/031164 filed March 15, 2013, “Methods for Determining Breast
Cancer Treatment.”

Protter and JK Richer, PCT Patent Application PCT/US2012/48471 Serial No. 14/236,036 filed on January 29,
2014 “Treatment of Breast Cancer.”

= Other Products

data or databases- we now have databases of genes expression data from the following experiments:

ER+ MCF7 breast cancer cells treated in vitro with vehicle, enzalutamide alone, estradiol alone (E2), E2
plus enzalutamide for 48 hrs.

ER+ MCF7 breast cancer cells grown as xenografts in nude mice treated with E2, E2 plus tamoxifen, or
E2 plus enzalutamide.

HCC1806 TNBC breast cancer line treated in vitro with either vehicle, DHT, enzalutamide alone, DHT
plus enzalutamide.

= biospecimen collections;
formalin fixed paraffin embedded xenograft tumors from the following experiments:

MCF7 tumors grown in nude mice and treated with either E2, E2 plus tamoxifen, E2 plus enzalutamide or in
a separate experment, the same treatments plus the combination of E2 plus enzalutamide and tamoxifen.

Triple negative breast cancer (TNBC) cell line SUM159PT grown as xenograft tumors in mice treated with
control rodent chow or enzalutamide containing chow.
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TNBC cell line HCC1806 grown as xenograft tumors in mice treated with control rodent chow or
enzalutamide containing chow.

= research material (e.g., Germplasm; cell lines, DNA probes, animal models); The following cell lines have
been made in order to use the Incucyte machine to count the number of red or green nuclei to do real time
proliferation assays with enzalutamide alone or in combination with standard therapies for breast cancer.

= What individuals have worked on the project?
= Provide the following information for: (1) PDs/Pls; and (2) each person who has worked at least one person
month per year on the project during the reporting period, regardless of the source of compensation (a
person month equals approximately 160 hours of effort). If information is unchanged from a previous
submission, provide the name only and indicate "no change.”

Personnel Role Percent Effort | Nearest Contribution Funding
Person Month | to Project Support: DOD
Worked Contract
W81XWH-13-
0090
Jennifer Partner 40% 5 Oversees all X
Richer, PhD Principal experiments —
Investigator helps with

animal

experiments,

writes reports

and edits

manuscripts
Britta Collaborator 50% 6 Povides daily X
Jacobsen, PhD oversight and

helps with in

vitro and in

vivo

experiments

and; helped

with animal

protocol 3 year

rewrite
Carol Sartorius, | Collaborator 3% 4 Provided PT14 X
PhD PDX
Tzu Phang, Collaborator 5% .6 Provides X
PhD bioinformatic s
Ann Thor, MD | Collaborator 2% 2 pathologist X
Susan Instructor 2% 2 Pulls pathlogy X
Edgerton samples,

analyzes

results of IHC
Haihua Gu, Collaborator 50% 4 Helps to X
PhD oversee
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experiments,
especially for
Her2+ disease
and everolimus
signaling
experiments

Nicole
Spoelstra

Technician

66%

Performs IHC
on FFPE
samples

Valerie Barton

Graduate
Student

100%

12

Directing TNBC
experiments

Michael
Gordon, PhD

PostDoc

100%

12

Performing
everolimus
studies

Beatrice Babbs

Animal
Technician

100%

12

Ms. Babbs has
provided
mouse related
care, caliper
measuring
xenograft
tumors in mice
and IVIS
imaging.*

Ann Jean

Technician

50%

Ms. Jean
provided
support for the
mouse
experiments
until she left
the department
in December,
2013*

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel

since the last reporting period? Nothing to Report."

No changes in active support for the PD/PI(s) or senior/key personnel.

What other organizations were involved as partners? Medivation Inc. and Astellas Pharma are the

Industry partners.

SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS: Partnering PI, Dr. Anthony Elias has sent a separate report on the clinical

progress.
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APPENDICES:

The attached appendix contains Abstracts and Publications
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Appendix

Abstracts presented by
Dr. Richer
graduate student Valerie Barton

postdoctoral fellow Dr. D’ Amato,

Journal publications.

Published:

Dawn R. Cochrane, Sebastian Bernales, Britta M. Jacobsen, Diana M. Cittelly, Erin N.
Howe, Nicholas C. D’Amato, Nicole S. Spoelstra, Annie Jean, Paul Jedlicka,
Kathleen C. Torkko, Andy Protter, Anthony D. Elias and J. K. Richer. Role of the
Androgen Receptor in Breast Cancer and Preclinical Analysis of Enzalutamide.
BREAST CANCER RESEARCH 2014 Jan 22;16(1). PMID: 24451109

Designated as Highly Cited by the journal Breast Cancer Research.

Submitted:

Barton VN, D’Amato NC, Gordon MA, Lind HT, Spoelstra NS, Babbs B, Heinz RE,
Elias A, Jedlicka P, Jacobsen BM, Richer JK. Multiple molecular subtypes of triple
negative breast cancer depend on androgen receptor for proliferation and invasion.
Submitted, September 2014.



Nicholas D’ Amato, Nicole Spoelstra, Anthony Elias, Jennifer Richer. Androgen Receptors in
Estrogen Receptor Positive Breast Cancer. Poster presentation at International Conference of
Endocrinology and The Endocrine Society, Chicago, June 2014

Androgen Receptors in Estrogen Receptor Positive Breast Cancer

Nicholas D’Amato?, Nicole Spoelstral, Anthony Elias?, Jennifer Richer?
!Department of Pathology and 2Department of Medicine, Division of Oncology,
University of Colorado Anschutz Medical Campus, Aurora, CO, USA

Background: Androgen receptor (AR) is widely expressed in breast tumors, but the
role of AR in estrogen receptor positive (ER+) tumors is not fully understood. In a cohort
of 192 women with ER+ breast cancers, we find that a high ratio (=2.0) of AR to ER
percent cells positive by IHC indicated an over four fold increased risk for failure while
on tamoxifen (HR=4.43). In preclinical cell line models DHT is proliferative in ER+/AR+
in vitro and in vivo, and anti-androgens such as bicalutamide (bic) and enzalutamide
(enza) inhibit DHT-mediated proliferation. Surprisingly enza, a new generation AR
inhibitor, which impairs nuclear localization of liganded AR, uniquely inhibits E2-
mediated proliferation of ER+ breast cancer cells, while bic does not. Hypothesis: We
hypothesize that nuclear localization of AR is necessary for maximal E2-mediated ER
activity and proliferation, and targeting AR with Enz or other agents that impede AR
nuclear entry will inhibit growth of ER+/AR+ human breast cancer cell lines and
decrease tumor burden in preclinical models. We also postulated that if tamoxifen and
enza tested Enza inhibit E2-mediated proliferation by different means, the combination
would result in additive or synergistic tumor shrinkage in vivo. Results: Enz and MJC13
blocked E2-induced proliferation of ER+AR+ breast cancer cell lines, but Bic did not.
E2-induced expression of ER target genes including PR and SDF1 was inhibited by
Enz, but not by Bic. Both DHT and to a lesser extent, E2 treatment, induced nuclear
translocation of AR, and Enz inhibits AR nuclear localization in both instances, while Bic
does not. In vivo, ENZ inhibited growth of MCF7 xenografts as effectively as Tamoxifen,
and the combination of the two agents gives an additive effect. Conclusions: Our
results suggest that nuclear localization of AR plays a previously-unrecognized role in
E2-mediated ER activity in ER+/AR+ breast cancer cells. Because of its ability to inhibit
nuclear localization of AR, Enz or other agents that inhibit AR nuclear localization, may
serve as an effective therapeutic in ER+/AR+ breast cancers. Furthermore, Enz may be
useful when combined with traditional anti-estrogens.

Funded by DOD BCRP Clinical Translational Award BC120183 to JKR



Richer, JK. Invited short talk: Role of Androgen Receptors in Estrogen Receptor
Negative Breast Cancer. Keystone Symposia on Nuclear Receptors:
Biological Networks, Genome Dynamics and Disease., Taos, NM. Jan 10-15
2014

Role of Androgen Receptors in Triple Negative Breast Cancer

Valerie Barton! Nicholas D’Amato,! Andrew Protter?, Anthony Elias? and Jennifer
Richer. Department of Pathology and 2Division of Oncology, Department of
Medicine, University of Colorado Anschutz Medical Campus, Aurora, CO, USA,
and 3Medivation Inc., San Francisco, CA, USA.

Recent studies demonstrate that the androgen receptor (AR) is expressed in up
to a third of triple negative breast cancer (TNBC) and AR associated genes
define a subtype of TNBC with a “luminal AR” gene signature. However, the
exact role of AR in TNBC, the extent to which AR+ TNBC are dependent on AR,
and how well this subset will respond to new generation anti-androgens remains
unknown. Hypothesis: We postulate that a subset of TNBCs are critically
dependent on AR and that inhibition of AR with new generation anti-androgens
that inhibit AR DNA binding will decrease tumor burden in preclinical models of
breast cancer. Results: Knock down of AR expression using a lentiviral ShRNA
significantly reduced proliferation in TNBC cells (MDA-231, SUM159, BT549 and
HCC1806) compared to those transduced with a non-targeting control (~2-fold
reduction, p<0.001). Propidium iodide cell cycle analysis demonstrated that
TNBC cells with reduced AR had a 22% increase in percentage of cells in S-
phase (p<0.001). Knockdown of AR also significantly increased apoptosis in vitro
and significantly inhibited migration and invasion. Enzalutamide (ENZ), an AR
inhibitor, prevented ligand-mediated nuclear translocation as assessed by cell
fractionation. In MDA-MB-453 xenografts, ENZ significantly decreased tumor
volume and weight by up to 85% and increased apoptosis as measured by
cleaved caspase-3 by 60% compared to mice that received DHT alone. In
addition, a 50% reduction in nuclear AR was observed in tumors of mice treated
with enzalutamide. We are now comparing ENZ to bicalutamide in additional
preclinical models of TNBC and analyzing gene expression array data to identify
AR regulated genes affected by ENZ in TNBC. Conclusion: AR may play an
important role in a subset of TNBC and presents an opportunity for targeted
therapy in this aggressive breast cancer subtype.

Funded by DOD BCRP Clinical Translational Award BC120183 to JKR



Richer, JK. Invited Symposia Lecture “Targeting the Androgen Receptor in Breast Cancer”
AACR Advances in Breast Cancer Research conference, Targeted Therapies | session.
October 3-6, 2013 in San Diego, CA.

Nicholas D’Amato?, Dawn Cochrane?, Nicole Spoelstral, Annie Jean?, Andrew Protter3,
Anthony Elias?, Jennifer Richer!

Department of Pathology and ?Department of Medicine, University of Colorado
Anschutz Medical Campus, Aurora, CO, USA, and 3Medivation Inc., San Francisco, CA,
USA.

The androgen receptor (AR) is even more widely expressed in breast cancer (BC) than
estrogen receptor alpha (ER) or progesterone receptor (PR), and recently AR has
emerged as a useful marker to refine classification of breast cancer (BC). However, we
still understand relatively little about the specific effects of AR or its potential as a
therapeutic target in the different subtypes of BC. Our data from clinical samples suggests
that some ER+ tumors can switch from growth driven by estrogens to growth driven by
adrenal androgens, particularly when the estradiol (E2)/ER pathway is inhibited by
standard ER-directed endocrine treatments. Indeed, we have evidence showing that a
high ratio of AR to ER (22.0) leads to a > 4 fold increased risk for relapse while on
tamoxifen (HR=4.43, P<0.0001) and is a strong independent predictor of disease-free
survival (HR=4.04, P=0.002). Since approximately 30% of metastatic ER+ tumors exhibit
de novo resistance to standard endocrine therapy and all patients with metastatic disease
ultimately progress with acquired resistance, targeting AR in ER* BC may be clinically
useful. Thus, clinical trials evaluating the role of androgen receptor inhibition in BC are
underway.

Importantly, we find that new generation anti-androgens that block AR DNA binding affect
BC differently than older generation anti-androgens (which allow DNA binding), leading to
new insights into the role of AR. When AR is excluded from the nucleus, both androgen-
and estradiol (E2)-stimulated proliferation is inhibited in ER* breast cancers, suggesting
that AR plays a previously-unknown role in E2-mediated ER activity. Both enzalutamide
(ENZ) and bicalutamide inhibited androgen-mediated proliferation of breast cancer lines
in vitro. Interestingly, ENZ uniquely inhibited E2-mediated proliferation of ER.*/AR* breast
cancer cells in vitro, and also inhibited E2-driven tumor growth as effectively as tamoxifen
in vivo. When opposing androgen-stimulated tumor growth in ER*™ BC in vivo models, ENZ
inhibited proliferation and increased apoptosis, while in ER models it increased apoptosis
but did not alter proliferation. When opposing E2-stimulated tumor growth in vivo ENZ
decreased proliferation but did not increase apoptosis.

In Her2* but non-amplified, BC models the AR inhibitor ENZ, inhibited proliferation as well or
better than trastuzumab (TRAS), whereas TRAS showed a greater inhibitory effect than ENZ in
Her2 amplified lines. In all models tested, the combination of ENZ and TRAS inhibited
proliferation more effectively than either agent alone. In TRAS resistant lines, addition of ENZ to
TRAS significantly inhibited proliferation. Liganded AR upregulates Her3 in some Her2* BC
lines; however, in other Her2" lines, Her3 is not increased by androgen stimulation, yet anti-
androgens still inhibit proliferation. Our data suggest that the AR and Her2 pathways are linked
in ways not previously understood and that there are novel Her3-independent mechanisms
whereby AR impacts Her2"BC.

A subset of TNBC express AR and knock down of AR using lentiviral ShRNAs significantly
reduced proliferation in multiple TNBC lines. Propidium iodide cell cycle analysis demonstrated



that knockdown of AR in TNBC decreased the percentage of cells in G2/M. Lastly, inhibition of
AR with ENZ, blocked ligand-mediated nuclear translocation of AR as assessed by nuclear and
cytosolic fractionation and significantly decreased proliferation of TNBC in vitro.

In summary, our studies demonstrate that AR plays varying roles in the different BC subtypes
and will serve to guide appropriate combinations with AR inhibitor and existing therapeutic
strategies. Further, we find that assessment of the amount of AR relative to ER may be
informative.

Funded by DOD BCRP Clinical Translational Award BC120183 to JKR
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Background: Triple negative breast cancer (TNBC) constitutes 10-20% of invasive breast
carcinomas and has the lowest five-year survival rate compared to other breast cancer
subtypes. TNBC lacks estrogen receptor (ER), progesterone receptor (PR) and HER2
amplification and is thus unresponsive to endocrine or HER2-targeted therapies that improve
the prognosis of other breast cancer subtypes and currently there are no targeted therapies for
this subtype. Although TNBC lacks hormone receptors traditionally associated with breast
cancer, recent studies demonstrated that 12-36% of TNBC express androgen receptor (AR). AR
is highly expressed in the "luminal AR" (LAR) molecular subtype of TNBC, which has a
molecular profile similar to ER+ breast cancer, but it is also present in other TNBC molecular
subtypes and may present an opportunity for targeted therapy for this aggressive type of breast
cancer. We hypothesized that AR+ TNBC critically depend on AR and that AR inhibition
will decrease tumor burden in preclinical models of breast cancer.

Material and Methods: To determine the extent to which AR+ TNBC depend on AR, we
inhibited AR activity with the AR antagonist enzalutamide (ENZ) and shRNAs against AR in cell
lines representing multiple molecular subtypes of TNBC in vitro and evaluated the efficacy of
ENZ in two nude mice xenograft models in vivo. Expression profiling was used to determine
potential mechanisms by which AR+ TNBC critically depend on AR.

Results: In vitro, treatment with ENZ significantly reduced baseline proliferation (P<0.05),
decreased anchorage-independent growth (P<0.01), increased apoptosis (P<0.001) and
prevented AR nuclear localization in response to DHT in multiple TNBC cell line models.
Likewise, AR knockdown significantly reduced proliferation (P<0.001) and increased apoptosis
(P<0.001) compared to cells transduced with a non-targeting control. In addition to reduced
proliferation, AR knockdown or treatment with ENZ altered cellular morphology from stellate to
round in 3D culture and significantly decreased migration (P<0.05) and invasion (P<0.001) of
TNBC cell lines spanning multiple subtypes. Microarray profiling and ELISA of TNBC lines
treated with the AR ligand dihydrotestosterone (DHT) and ENZ suggested that AR regulation of
the epidermal growth factor receptor (EGFR) ligand amphiregulin (AREG) is one mechanism by
which AR influences proliferation, migration, and invasion in TNBC. Indeed, treatment with
exogenous AREG rescued decreased proliferation, migration, invasion and EGFR-MAPK
signaling of AR knockdown cells lines. In vivo, ENZ significantly decreased tumor viability and
increased apoptosis (P<0.05) and necrosis (P<0.01) of SUM159PT (mesenchymal stem-like)
and HCC1806 (basal-like 2) xenografts.

Conclusions: Our findings suggest that AR+ TNBC of multiple molecular subtypes depend on
AR for proliferation and invasion and provide promising preclinical data on the efficacy of ENZ in
AR+ TNBC. Importantly, we find that non-LAR TNBC subtypes were critically dependent on AR,
indicating that patients with relatively low AR expression may also benefit from AR-targeted
therapy.
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Targeting androgen receptor decreases proliferation of triple negative breast cancer
Valerie Barton, Nicholas D’ Amato and Jennifer Richer

Recent studies demonstrate that the androgen receptor (AR) is expressed in up to a third
of triple negative breast cancer (TNBC) and define a subtype of TNBC with a “luminal
AR” gene signature. We hypothesized that AR+TNBC are dependent on AR for growth
and that inhibiting AR activity by preventing nuclear localization and DNA binding will
decrease proliferation and tumor burden in preclinical models of breast cancer. Indeed,
knock down of AR expression using a lentiviral ShRNA significantly reduced
proliferation in cell line models of TNBC compared to cells transduced with a non-
targeting control (2-fold reduction, p<0.001). Propidium iodide cell cycle analysis
demonstrated that TNBC cells with reduced AR expression had a 22% increase in the
percentage of cells in S-phase (p<0.001). In TNBC cells that exhibit androgen-stimulated
growth, reduced AR expression inhibited response to ligand. Enzalutamide, an AR
inhibitor, inhibited ligand mediated nuclear translocation of AR as assessed by nuclear
cytosolic fractionation and significantly decreased baseline proliferation of TNBC in
vitro (p<0.001). In MDAA453 xenografts, enzalutamide significantly decreased tumor
volume and weight by up to 85% and increased apoptosis as measured by cleaved
caspase-3 by 60% compared to mice that received DHT alone. In addition, a 50%
reduction in nuclear AR was observed in the tumors of mice treated with enzalutamide.
Thus AR may play an important role in a subset of TNBC and presents an opportunity for
targeted therapy.

Funded by DOD BCRP Clinical Translational Award BC120183 to JKR.
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Targeting Androgen Receptor Decreases Proliferation and Invasion in Preclinical Models of Triple
Negative Breast Cancer

Valerie Barton, Nicholas D'Amato and Jennifer Richer

Triple negative breast cancer (TNBC) constitutes 15-20% of invasive breast carcinomas and has the
lowest five-year survival rate. Currently, there are no targeted therapies for TNBC. Recent studies
demonstrate that the androgen receptor (AR) is expressed in up to a third of TNBC. AR is highly
expressed in the luminal AR (LAR) TNBC subtype but is also present in other TNBC subtypes and may
present an opportunity for targeted therapy. We hypothesized that AR+ TNBC critically depend on AR
and that AR inhibition will decrease tumor burden in preclinical models of breast cancer. To determine
the extent to which AR+ TNBC depend on AR, we inhibited AR activity with enzalutamide (enza) and
shRNAs in multiple TNBC subtypes. Treatment with enza significantly reduced baseline proliferation
(p<0.05) and prevented AR nuclear localization in response to DHT in multiple TNBC cell lines. Likewise,
AR knockdown significantly reduced proliferation (p<0.001) and increased apoptosis (p<0.001)
compared to cells transduced with a non-targeting control. Microarray profiling and ELISA of TNBC lines
treated with DHT and enza suggested that AR regulation of amphiregulin (p<0.05) is a mechanism by
which AR influences proliferation in TNBC. In addition to reduced proliferation, AR knockdown or
treatment with enza altered cellular morphology from stellate to round and significantly decreased
migration (p<0.05) and invasion (p<0.001) of TNBC cell lines spanning multiple subtypes. In vivo, enza
significantly decreased tumor volume (85%), increased apoptosis (60%), and reduced AR nuclear
localization (50%) in a MDA-MB-453 xenograft model. Our findings suggest that AR influences both
proliferation and invasion of AR+ TNBC cells regardless of TNBC subtype and provide promising
preclinical data on the efficacy of enza in AR+ TNBC. Inhibition of AR by anti-androgens such as enza may
represent an effective new opportunity for targeted therapy in TNBC.

Funded by DOD BCRP Clinical Translational Award BC120183 to JKR.

Oral presentation and poster at International Conference of Endocrinology and The Endocrine Society,
Chicago, June 2014



Targeting Androgen Receptor in Her2-Driven Breast Cancer

Nicholas D’Amato’, Hui Lyu', Bolin Liu', Haihua Gu*, Andrew Protter®, Anthony Elias?,
Jennifer Richer!

'Department of Pathology and *Department of Medicine, Division of Medical Oncology,
University of Colorado Anschutz Medical Campus, Aurora, Colorado, USA, and *Medivation
Inc., San Francisco, California, USA.

The androgen receptor (AR) is expressed in approximately 60% of Her2+ breast cancers.
Activated AR elicits transcriptional upregulation of Her3. Her3 can heterodimerize with Her2, is
essential for growth of Her2+ tumors, and has been implicated in therapeutic resistance to
tamoxifen, paclitaxel and trastuzumab. Enzalutamide (ENZ) is an anti-androgen that impairs
nuclear entry of liganded AR, binds to AR with higher affinity than bicalutamide, and was
recently approved for treatment of castrate-resistant prostate cancer. Hypothesis: ENZ will
enhance the efficacy of trastuzumab in Her2+ breast cancer lines by inhibiting Her3 expression.
Methods: We tested both estrogen receptor positive and negative Her2+ (amplified or
overexpressing without amplification) breast cancer cell lines for androgen-induced upregulation
of Her3 protein and inhibition of proliferation with trastuzumab or ENZ alone as compared to the
two drugs combined. Resistance to trastuzumab was generated in two Her2+ breast cancer cell
lines (SKBR3 and BT474) and these lines were also tested. Results: Dihydrotestosterone (DHT)
induced an increase in total Her3 and phospho-Her3 in some Her2+ BC cell lines and this effect
was inhibited by the addition of ENZ. The combination of ENZ and trastuzumab inhibited
proliferation more effectively than either agent alone in the ER-/Her2+ MDA-MB-453,
SUM185E, and SKBR3 cell lines. Interestingly, ENZ inhibited proliferation in MDA-MB-453
and SUM185PE cells (Her2 overexpression without amplification) as well or better than
trastuzumab, whereas trastuzumab showed a greater inhibitory effect than ENZ in SKBR3 cells
(Her2 amplified). In the ER+/AR+/Her2 amplified BT474 cell line, the combination of ENZ and
trastuzumab inhibited proliferation significantly more than either drug alone. In the trastuzumab
resistant lines, where trastuzumab alone is ineffective, ENZ combined with trastuzumab
significantly inhibited proliferation. Conclusions: Our results suggest that ENZ may serve as an
effective therapeutic in Her2+ breast cancer when combined with Her2-directed therapies such as
trastuzumab, pertuzumab, or T-DM1. Furthermore, in tumors resistant to Her2 directed therapy,
ENZ may be useful alone or in combination with anti-Her3 therapy. Targeting AR with ENZ in
patients with Her2+ disease may result in therapeutic benefit and warrants clinical investigation.
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Targeting Androgen Receptor to Inhibit ER+ Breast Cancer Growth
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Androgen receptor (AR) is widely expressed in breast cancers and has been proposed as a
therapeutic target in estrogen receptor alpha (ER) negative breast cancers that retain AR.
However, controversy exists regarding the role of AR in ER+ tumors. When the androgen
dihydrotestosterone (DHT) is added with estradiol (E2) to ER+/AR+ breast cancer cell lines, E2-
mediated proliferation is diminished. However, in the absence of E2, DHT is proliferative in
breast cancer cell lines such as MCF7. Anti-androgens such as bicalutamide (Bic) and
enzalutamide (ENZ) inhibit this DHT-mediated proliferation. Surprisingly we have found that
ENZ, which impairs nuclear entry of liganded AR, also inhibits E2-mediated proliferation of
ER+ breast cancer cells, while Bic does not. Hypothesis: We hypothesize that nuclear
localization of AR is necessary for maximal E2-mediated ER activity and proliferation of
ER+/AR+ breast cancer cells, and targeting AR with ENZ will inhibit growth of ER+/AR+
human breast cancer cell lines and decrease tumor burden in preclinical models. Methods: We
tested ER+ breast cancer cell lines for estrogen- and androgen-induced proliferation and
transcription of known ER- and AR-regulated targets following treatment with E2 or DHT in the
presence or absence of several anti-androgens. We also tested the efficacy of ENZ, Tamoxifen
(Tam), or the combination of ENZ plus Tam in a preclinical model of ER+ breast cancer.
Results: DHT treatment increased proliferation in MCF7 and BCK4 cells and this was inhibited
by the addition of Bic or ENZ. ENZ was also able to block E2-induced proliferation, but Bic did
not. E2-induced expression of ER target genes including PR and SDF1 is also inhibited by ENZ,
but not Bic. Both DHT and E2 treatment induces nuclear translocation of AR, which is decreased
by ENZ. In vivo, ENZ inhibits growth of MCF7 tumors as well as Tamoxifen. Conclusions: Our
results suggest that nuclear localization of AR plays an important and previously-unrealized role
in E2-mediated ER activity in ER+ breast cancer cells. Because of its ability to block nuclear
entry of liganded AR, ENZ may serve as an effective therapeutic in ER+/AR+ breast cancers.
Furthermore, ENZ may be useful in tumors resistant to traditional endocrine therapy.
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TARGETING ANDROGEN RECEPTOR TO INHIBIT ER+ BREAST CANCER GROWTH

NC D’Amato, D Cochrane, N Spoelstra, A Jean, A Elias, J Richer, Department of Pathology,
University of Colorado Anschutz Medical Campus, Aurora, CO

Androgen receptor (AR) is widely expressed in breast cancers and has been proposed as a therapeutic
target in estrogen receptor alpha (ER) negative breast cancers that retain AR. However, the role of AR in
ER+ tumors is controversial. In the absence of E2, DHT is proliferative in breast cancer cell lines such as
MCF7, and anti-androgens such as bicalutamide (Bic) and enzalutamide (ENZ) inhibit this DHT-mediated
proliferation. Surprisingly we have found that ENZ, which impairs nuclear entry of liganded AR, also
inhibits E2-mediated proliferation of ER+ breast cancer cells, while Bic does not. We therefore
hypothesized that nuclear localization of AR is necessary for maximal E2-mediated ER activity and
proliferation of ER+/AR+ breast cancer cells, and targeting AR with ENZ will inhibit growth of ER+/AR+
human breast cancer cell lines and decrease tumor burden in preclinical models. In vitro, DHT treatment
increased proliferation in MCF7 and BCK4 cells, and this was inhibited by Bic or ENZ. ENZ was also able
to block E2-induced proliferation, but Bic did not. E2-induced expression of ER target genes including PR
and SDF1 was also inhibited by ENZ, but not Bic. Both DHT and E2 treatment induced nuclear
translocation of AR, which was decreased by ENZ. In vivo, ENZ inhibited growth of MCF7 tumors as well
as Tamoxifen. Our results suggest that nuclear localization of AR plays an important and previously-
unrealized role in E2-mediated ER activity in ER+ breast cancer cells. Because of its ability to block
nuclear entry of AR, ENZ may be an effective therapeutic in ER+/AR+ breast cancers. Furthermore, ENZ
may be useful in tumors resistant to traditional endocrine therapy.
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Role of the androgen receptor in breast cancer
and preclinical analysis of enzalutamide
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Abstract

Introduction: The androgen receptor (AR) is widely expressed in breast cancers and has been proposed as a
therapeutic target in estrogen receptor alpha (ER) negative breast cancers that retain AR. However, controversy exists
regarding the role of AR, particularly in ER 4+ tumors. Enzalutamide, an AR inhibitor that impairs nuclear localization of
AR, was used to elucidate the role of AR in preclinical models of ER positive and negative breast cancer.

Methods: We examined nuclear AR to ER protein ratios in primary breast cancers in relation to response to endocrine
therapy. The effects of AR inhibition with enzalutamide were examined in vitro and in preclinical models of ER positive
and negative breast cancer that express AR.

Results: In a cohort of 192 women with ER + breast cancers, a high ratio of ARER (=2.0) indicated an over four fold
increased risk for failure while on tamoxifen (HR =4.43). The ARER ratio had an independent effect on risk for failure
above ER % staining alone. AR:ER ratio is also an independent predictor of disease-free survival (HR =4.04, 95% Cl: 168,
9.69; p=0.002) and disease specific survival (HR=2.75, 95% Cl: 1.11, 6.86; p = 0.03). Both enzalutamide and bicalutamide
inhibited 5-alpha-dihydrotestosterone (DHT)-mediated proliferation of breast cancer lines in vitro; however, enzalutamide
uniquely inhibited estradiol (E2)-mediated proliferation of ER+/AR + breast cancer cells. In MCF7 xenografts (ER+/AR+)
enzalutamide inhibited E2-driven tumor growth as effectively as tamoxifen by decreasing proliferation. Enzalutamide also
inhibited DHT- driven tumor growth in both ER positive (MCF7) and negative (MDA-MB-453) xenografts, but did so by
increasing apoptosis.

Conclusions: AR to ER ratio may influence breast cancer response to traditional endocrine therapy. Enzalutamide elicits
different effects on E2-mediated breast cancer cell proliferation than bicalutamide. This preclinical study supports the
initiation of clinical studies evaluating enzalutamide for treatment of AR" tumors regardless of ER status, since it blocks
both androgen- and estrogen- mediated tumor growth.

Introduction Among the subtypes, 88% of ER+, 59% of HER2+, and

In breast cancers, androgen receptor (AR) is more widely
expressed than estrogen receptor alpha (ER) or progester-
one receptor (PR), and AR has recently emerged as a use-
ful marker for the further refinement of breast cancer
subtype classification [1,2]. Of all 2,171 invasive breast
cancers in women enrolled in the Nurses' Health Study,
77% were positive for AR by immunohistochemistry [3].
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32% of triple-negative breast cancers (ER—/PR—/HER2-)
were positive for AR expression by immunohistochemistry
[3]. Similar to ER and PR, AR expression is associated
with a well-differentiated state [4] and with more indolent
breast cancers [5].

In ER +breast cancers, adjuvant treatment with the
competitive antagonist tamoxifen or aromatase inhibitors
(Als), which block conversion of androgens to estrogens,
is generally effective for inhibiting disease progression.
However, 30 to 50% of all ER + tumors display de novo
resistance to traditional endocrine therapies and ultimately

© 2014 Cochrane et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.


mailto:Jennifer.Richer@ucdenver.edu
http://creativecommons.org/licenses/by/2.0

Cochrane et al. Breast Cancer Research 2014, 16:R7
http://breast-cancer-research.com/content/16/1/R7

all metastatic ER + breast cancers acquire resistance [6,7].
In ER + tumors that respond to neoadjuvant endocrine
therapy, we previously observed that AR mRNA and
protein expression decrease, while in tumors that fail to
respond AR mRNA does not decrease [8,9]. AR overex-
pression increases tamoxifen resistance in breast cancer
models in vitro and in vivo [10]. Thus, de novo or acquired
resistance to anti-estrogen therapies could result from
tumor cell adaptation from estrogen dependence to an-
drogen dependence. In mice, treatment with an AI mark-
edly elevated intratumoral testosterone concentrations in
dimethylbenz(a)anthracene-induced rat mammary tumors
[11]. In postmenopausal women with ER + breast cancer,
particularly those being treated with Als, circulating levels
of estradiol (E2) are extremely low, while circulating
androgen levels are increased [12] since Als block the
conversion of androgens to estrogen. Indeed, circulating
levels of testosterone, androstenedione, and dehydroepian-
drosterone sulfate (DHEA-S) increase in women on Al
therapy [13] as compared with pretreatment levels. Fur-
thermore, high levels of the adrenal androgen DHEA-S
before treatment are predictive of failure on Als, and
circulating DHEA-S increased during treatment in
patients with tumors that failed to respond to Al
treatment [14].

A subset of ER- breast cancers (molecular apocrine or
luminal androgen receptor) retain AR [15-18] and have
a gene expression pattern that closely resembles that of
ER + breast cancers [2,19]. The anti-androgen bicaluta-
mide inhibits the growth of molecular apocrine cell lines
in vitro and in vivo, supporting the hypothesis that
anti-androgens may be useful targeted therapies for such
tumors [2,17,18,20]. Indeed, a phase II clinical trial
testing bicalutamide as treatment for ER—/AR + breast
cancers (NCT00468715) showed some efficacy [21].
Bicalutamide is a competitive antagonist that does
allow AR to bind DNA [22]; however, in the setting
of castrate-resistant prostate cancer, bicalutamide can
exhibit an antagonist-to-agonist shift as demonstrated
clinically by a decline in prostate-specific antigen follow-
ing bicalutamide (Casodex) withdrawal [23].

Enzalutamide (formerly MDV3100) is an AR signaling
inhibitor that binds AR with fivefold higher affinity than
bicalutamide, impairs AR nuclear translocation, and
lacks agonist activity at effective doses [20-23]. Enzaluta-
mide significantly improved overall survival in patients
with castrate-resistant prostate cancer and is an approved
agent for the treatment of patients with metastatic
castration-resistant prostate cancer [24]. In this study, we
examined the effect of enzalutamide in AR + breast cancer
models (ER + and ER-) and present the first preclinical evi-
dence that inhibition of AR with enzalutamide may be an
effective therapeutic strategy not only for ER—/AR + breast
cancers, but also for ER+/AR + tumors. We also present
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clinical data which suggest that a high amount of AR rela-
tive to ER may be indicative of tumors that will have a less
than optimal response to traditional endocrine therapy.

Methods

Cell culture

The identities of all cell lines were authenticated by
DNA fingerprinting (Identifier Kit; Applied Biosystems,
Grand Island, NY, USA) within 6 months of use. The
BCK4 line is an ER+/AR + breast cancer line derived
recently from a pleural effusion and has a nearly normal
karyotype [25]. For the BCK4 cell line, the patient sample
was acquired under a University of Colorado Institutional
Review Board-approved tissue-acquisition protocol and
patient-informed consent was obtained to acquire blood
and tissue for research purposes. All other cell lines were
obtained from the American Type Culture Collection;
Manassas, Virginia, USA. BCK4 and MCF7 cells were
grown in minimum essential media, 5% fetal bovine
serum, non-essential amino acids, insulin and penicillin/
streptomycin, and ZR75 cells in the same media with the
addition of HEPES and L-glutamine. MCF7 cells express a
wild-type AR, albeit with a shortened CAG repeat [26]
that is often indicative of a more active receptor [27].
T47D cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum,
L-glutamine penicillin/streptomycin. LNCaP cells were
grown in RPMI, 5% fetal bovine serum and penicillin/
streptomycin. All cells were grown in a 37°C incu-
bator with 5% carbon dioxide. MDA-MB-453 and
MDA-kb2 (a derivative of MDA-MB-453 stably ex-
pressing the AR-dependent MMT V-luciferase reporter
gene construct; American Type Culture Collection)
were cultured in Leibovitz’s L-15 media (Invitrogen,
Carlsbad, CA, USA) containing 10% fetal bovine
serum (Invitrogen) and penicillin/streptomycin. MCF7-
TGL cells were generated by stable infection with retro-
viral SFG-NES-TGL vector, encoding a triple fusion of
thymidine kinase, green fluorescent protein and luciferase
and sorted for green fluorescent protein.

Tumor studies

MCEF7 experiments with enzalutamide delivered in rodent
chow were performed at the University of Colorado
Anschutz Medical Campus and approved by the University
of Colorado Institutional Animal Care and Use Committee
(IACUC protocol 83611(03)1E). The MDA-MB-453 xeno-
graft experiment in which enzalutamide was delivered by
oral gavage was performed by AntiCancer Inc, San Diego,
CA, USA and was approved by the Institutional Animal Care
and Use Committee of AntiCancer Inc. All animal
experiments were conducted in accordance with the
National Institutes of Health Guidelines of Care and Use of
Laboratory Animals.
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For MCF7 xenograft experiments, 10° MCF7-TGL cells
that stably express a triple fusion of thymidine kinase,
green fluorescent protein and luciferase (SFG-NES-TGL
retroviral vector) for in vivo imaging purposes were mixed
with Matrigel (BD Biosciences, Franklin Lakes, New Jersey,
USA) and injected into the fourth inguinal mammary fat
pad of female, ovariectomized athymic nu/nu or nonobese
diabetic (NOD)/SCID mice (Taconic, Germantown, NY
USA). At time of tumor injection, E2 pellets (60-day
release, 1.5 mg/pellet; Innovative Research of America,
Sarasota, Florida USA) or the nonaromatizable androgen
5-alpha-dihydrotestosterone (DHT) (8 mg/pellet, packed
and sealed in silastic tubing) were implanted sub-
cutaneously at the back of the neck. Tumor burden was
assessed using an in vivo imaging system or caliper
measurements (tumor volume was calculated as: length x
width x depth/2). Once tumors were established, mice
were matched into groups based on the total tumor
burden as measured by in vivo imaging system or caliper.
Groups receiving tamoxifen had a 90-day release, 5
mg/pellet (Innovative Research of America) implanted
subcutaneously. Mice were administered enzalutamide in
their chow (approximately a 50 mg/kg daily dose) or by
oral gavage (10 or 25 mg/kg/day). Enzalutamide was mixed
with ground mouse chow (catalog number AIN-76;
Research Diets Inc.,, New Brunswick, NJ, USA) at 0.43
mg/g chow. The feed was irradiated and stored at 4°C
before use. Mice in the control group received the same
ground mouse chow but without enzalutamide. All mice
were given free access to enzalutamide formulated chow or
control chow during the entire study period and at an
average of 3.5 g/day food intake. Feed was changed in the
animal cages twice a week. Water and feed were prepared
ad libitum. Two hours prior to sacrifice, mice were
injected intraperitoneally with 50 mg/kg bromodeoxyuri-
dine (BrdU; Sigma-Aldrich, St. Louis, MO, USA). Mice
were euthanized by carbon dioxide asphyxiation followed
by cervical dislocation, and the blood, tumors, colon, uteri
and mammary glands were harvested.

For the MDA-453 tumor study, 6x10° cells were
injected into the fourth inguinal mammary fat pad of
NOD-SCID-IL2Rgc ™/~ female mice into which a DHT
pellet (1.5 mg 60-day release; Innovative Research of
America) was implanted subcutaneously. The tumor size
was measured using calipers, and when tumors reached
100 mm? the mice began receiving 10 mg/kg enzaluta-
mide or vehicle by oral gavage. Once the tumors reached
400 mm?®, another group was started on 25 mg/kg enza-
lutamide. At the end of the experiment, tumors were
weighed and processed for embedding.

Neoadjuvant endocrine therapy study
The inclusion criteria and trial design are described
elsewhere [8,9]. Briefly, women with ER + breast cancers
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were enrolled in a randomized phase II clinical trial to
receive exemestane alone (25 mg daily) or exemestane in
combination with tamoxifen (20 mg daily) for 4 months
prior to surgery. Women included in the trial were post-
menopausal with newly diagnosed cancers of stage II/1II,
T2 to T3. Core needle biopsies were taken prior to treat-
ment and tumor pieces from the final excision surgery
were taken for analysis. The protocol was approved by
the Colorado Multiple Institutional Review Board and
informed consent was provided by all patients. The
criteria for responders ranged from minor response to
complete response, while nonresponders had stable or
progressive disease.

Tamoxifen study

This study included 192 female patients diagnosed with
ER + breast cancer at the Massachusetts General Hospital
(Partners) between 1977 and 1993, who were offered
tamoxifen treatment as part of their adjuvant therapy and
were followed at the hospital through 1998. Patients were
offered tamoxifen based on estrogen positivity (=10 pmol/
mg protein) determined using either a ligand binding
assay or a radioactive enzyme-linked immunosorbent
assay, the standard protocol in use during this time period.
As part of the present study, archival formalin-fixed
paraffin-embedded tumors collected under the Institu-
tional Review Board protocol Molecular and Cellular
Predictors of Breast Cancer were stained for AR and ER
by immunohistochemistry. All slides were evaluated and
the percentage and intensity of both AR and ER were
recorded. Each slide was also scored using the Allred
scoring method.

Contingency tables were used to study the associations
between the AR/ER ratio and clinicopathologic variables.
In this analysis, each clinicopathologic variable was
divided into two or three categories (lymph node nega-
tive vs. lymph node positive; lymph node negative vs.
one to three positive vs. four or more positive; patient
age <50 years vs. 250 years; tumor size <2 cm vs. >2 cmy;
grade 1 vs. grade 2 vs. grade 3; PR negative vs. positive;
ErbB2 <30% vs. >30%, MIB-1 < median vs. >median,
mitoses/10 high-powered fields (mitotic index) < median
vs. >median, epidermal growth factor receptor < median
vs. >median). Patients were followed from the date of
diagnosis to the date of first failure (local recurrence or
distant metastasis) as well as the date of death or last
follow-up. Patients who died of causes other than breast
cancer and patients who were lost to follow-up or whose
last encounter was before the end of the study were
censored at the date of death or last encounter for sur-
vival analyses. The AR:ER ratio was calculated using a
manual receiver operator characteristic analysis where
we investigated the ratio that produced the best differ-
ence between good and poor prognosis in relation to
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disease-free survival (DES) to identify the cutoff point
for this variable. The final AR:ER ratio cutoff point was
determined to be 2.0. A Fisher’s exact test was used for
all dichotomized variables and the chi-square test for all
trichotomized variables to compare the AR:ER ratio with
other predictive markers. Kaplan—Meier curves used the
calculated AR:ER ratio. All statistics were calculated
using SAS (version 9.3; SAS Institute, Cary, NC, USA).
Significance was determined at P <0.05 and all tests were
two-sided.

Immunohistochemistry

Slides were deparaffinized in a series of xylenes and etha-
nols, and antigens were heat retrieved in either 10 mM
citrate buffer pH 6.0 (BrdU, Ki67) or 10 mM Tris/1 mM
ethylenediamine tetraacetic acid buffer at pH 9.0 (AR, ER,
caspase 3). Tissue for BrdU was incubated in 2 N HCI
followed by 0.1 M sodium borate following antigen
retrieval. Antibodies used were: AR clone 441 and ER
clone 1D5 (Dakocytomation, Carpinteria, CA, USA),
cleaved caspase 3 (Cell Signaling Technology, Danvers,
MA, USA), Ki67 (sc-15402; Santa Cruz, Dallas, TX, USA)
and BrdU (BD Biosciences, Franklin Lakes, NJ, USA).
Envision horseradish peroxidase (Dakocytomation) was
used for antibody detection.

Terminal deoxynucleotidyl transferase dUTP nick
end-labeling (TUNEL) staining for apoptosis was per-
formed using the ApopTag Plus Peroxidase In Situ
Apoptosis Detection Kit (Millipore, Billerica, MA, USA),
as per the manufacturer’s instructions. AR and ER stain-
ing was assessed by a pathologist (P] or ADT) and the
score is reported as intensity multiplied by percent posi-
tive cells, or in the case of the tamoxifen-treated cohort
the Kaplan—Meier curve is based on percent positive
cells, although results are similar and still significant
when the intensity is multiplied by the percent positive
cells. For ER, BrdU and TUNEL staining in xenograft
studies, three separate 200x fields of each xenograft
tumor were taken using an Olympus BX40 microscope
(Center Valley, PA, USA) with a SPOT Insight Mosaic
4.2 camera and software (Diagnostic Instruments, Inc.,
Sterling Heights, MI, USA). A color threshold (RGB for
positive staining nuclei, and HSB for total nuclei) was ad-
justed manually using Image] (National Institutes of
Health, Bethesda, MD, USA) for each image, and particles
created by the thresholds were analyzed for total area. The
RGB area was divided by the HSB area and multiplied by
100 for each image. For analysis of the nuclear androgen
receptor, cleaved caspase 3 and Ki67, slides were scanned
at 20x on an Aperio Scan ScanScope XT, Leica Microsys-
tems Inc. Buffalo Grove, IL United States. Mammary
tumor tissue was traced separately for each tumor and
necrotic areas of the tumor removed using a negative pen
tool in Aperio’s Scanscope software. A nuclear algorithm
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was utilized to measure the percent positive cells for the
Ki-67-stained and AR-stained slides and the data were
exported. Cleaved caspase 3-stained slides were analyzed
using a modified positive pixel count algorithm.

Immunoblotting

Whole cell protein extracts (50 pg) were denatured,
separated on SDS-PAGE gels and transferred to poly-
vinylidene fluoride membranes. After blocking in 3%
bovine serum albumin in Tris-buffered saline—Tween,
membranes were probed overnight at 4°C. Primary
antibodies utilized include: ERa (Ab-16, 1:400 dilution;
Neomarkers, Fremont, CA USA), AR (PG-21, 1:400 dilu-
tion; Millipore (Bedford, Massachusetts USA) or EP6704,
1:10,000; Abcam (San Francisco, CA USA), glyceraldehyde
3-phosphate dehydrogenase (1:20,000 dilution; Sigma, St.
Louis, MO USA), Topo 1 (C-21, 1:100 dilution; Santa
Cruz) and alpha-tubulin (clone B-5-1-2, 1:30,000 dilution;
Sigma). After incubation with appropriate secondary anti-
body, results were detected using Western Lightning
Chemiluminescence Reagent Plus (Perkin Elmer, Waltham
Massachusetts USA).

Cellular fractionation

For the MDA-kb2 cellular fractionation, cells were
washed with ice-cold Dulbecco’s phosphate-buffered
saline, pH 7.4, pelleted using centrifugation and resus-
pended in 2 volumes of ice-cold NSB (10 mM Tris - Cl,
pH 7.4, 10 mM NaCl, 2 mM MgCl,, 1x protease inhibi-
tors). The volume was adjusted with ice-cold NSB to 15
times the initial volume and incubated for 30 minutes
on ice. The cytoplasmic fraction was obtained by
addition of NP-40 to a final concentration of 0.3%.
Nuclei and cytoplasm were separated using a 0.4 mm
clearance Dounce homogenizer. After centrifugation, the
supernatant containing the cytoplasmic fraction was
collected. The pellet containing the nuclear fraction was
resuspended in a 250 mM sucrose solution containing
10 mM MgCl, and then 1 volume was added to 880 mM
sucrose containing 5 mM MgCl, under the nuclear frac-
tion. The nuclei were then purified by centrifugation
through the sucrose cushion. For the MCF7s cells, cellular
fractionation was performed using the NE-PER Nuclear
and Cytoplasmic Extraction Kit, Pierce Biotechnology,
Rockford, IL USA as per the manufacturer’s instructions.

Nuclear translocation assay

MDA-kb2 cells were seeded at 2x 10 cells/cm® in
optical microplates in Leibovitz’s L-15 medium supple-
mented with 5% charcoal-stripped serum. After 3 days
of cultivation the cells were pretreated with enzaluta-
mide (1 or 10 puM) for 2 hours and then co-treated with
1 nM DHT for 1 hour in the presence of enzalutamide
(total 3 hours of treatment with enzalutamide). The cells



Cochrane et al. Breast Cancer Research 2014, 16:R7
http://breast-cancer-research.com/content/16/1/R7

were washed with phosphate-buffered saline, fixed with
4% formaldehyde for 30 minutes at room temperature
and permeabilized with 0.2% triton X-100. Samples were
then blocked with 5% bovine serum albumin for 1 hour
and incubated with an antibody against AR (N20, sc-815
1:100; Santa Cruz) in phosphate-buffered saline 0.1%
triton overnight. Incubation with the secondary antibody
anti-rabbit Alexa Fluor 488 (1:1,000) was performed in
2.5% bovine serum albumin for 2 hours at ambient
temperature. The nuclei were stained with 4',6-dia-
midino-2-phenylindole (1 pg/ml) for 30 minutes. Cells
were visualized with a 60x objective and a Qimaging
digital camera coupled to an Olympus X71 fluorescence
microscope using a yellow fluorescent protein filter
(Chroma U-N31040; Center Valley, PA, USA). The nu-
clear distribution of AR (ratio of nuclear AR signal/total
AR signal) was quantified in a minimum of 48 cells
using Image] software (National Institutes of Health).

Real-time quantitative polymerase chain reaction

c¢DNA was synthesized from 1 pg total RNA, using M-Mulv
reverse transcriptase enzyme (Promega, Fitchburg, WI,
USA). For FASN, PRLR and GCDFP-15, SYBR green quanti-
tative gene expression analysis was performed using the fol-
lowing primers: FASN forward, 5'-AAGGACCTGTCTGG
ATTTGATGC-3" and FASN reverse, 5'-TGGCTTCATAG
GTGACTTCCA-3’; PRLR forward, 5'-TATTCACTGACT
TACCACAGGGA-3" and PRLR reverse, 5'-CCCATCTGG
TTAGTGGCATTGA-3'; GCDFP-15 forward, 5-TCCCA
AGTCAGTACGTCCAAA-3" and GCDFP-15 reverse, 5'-
CTGTTGGTGTAAAAGTCCCAG-3'; and 18S forward,
5-TTGACGGAAGGGCACCACCAG-3" and 18S reverse,
5'-GCACCACCACCCACGGAATCG-3'". For PR and stro-
mal cell-derived factor 1 (SDF-1, also known as CXCL12),
Tagman real-time polymerase chain reaction was performed
using validated primer/probe sets from Applied Biosystems
(assay ID: PR Hs01556702_m1l, SDF-1 Hs00171022_ml,
18S Hs99999901_s1). Relative gene expression calculated
using the comparative cycle threshold method and values
were normalized to 18S.

Luciferase assays

MDA-kb2 cells were plated at 5x 10% cells/well in 96-
well luminescence plates and incubated overnight. Cells
were treated with 10-fold serial dilutions of enzalutamide
(10, 1, 0.1 uM) and DHT (10, 1, 0.1, 0.01, 0.001 nM) that
were prepared in dimethylsulfoxide. Following 24 hours of
incubation, the luminescence levels were determined with
the luciferase assay system (Promega). Three independent
experiments were performed and the luminescence values
were determined as relative units and normalized to
vehicle. Values are expressed as the mean fold induc-
tion + standard error.
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Results

A new method to examine AR relative to ER

To test the significance of AR and ER expression in breast
cancer, we examined primary tumors from a group of
tamoxifen-treated patients with clinical outcome data.
This study included a cohort of 192 female patients diag-
nosed with breast cancer at the Massachusetts General
Hospital (Partners) between 1977 and 1993, treated with
adjuvant tamoxifen and followed at the hospital through
1998 under Institutional Review Board approval. The
women ranged in age from 20 to 91 years at the time of
cancer diagnosis with a median age of 68 years. Forty-
eight (25.0%) of the women failed tamoxifen therapy.
Women who relapsed while on tamoxifen were generally
younger (median 64 years vs. 70 years for nonfailures,
P =0.007), had larger tumors (median 2.6 vs. 1.9 cm?;
P =0.003), had a higher proportion of grade 3 tumors
(45.8% vs. 29.4%; P =0.034), had more positive lymph
nodes (median 2 vs. 1; P=0.006), had a higher mi-
totic index (median 5 vs. 4; P =0.007), and had lower
levels of PR staining (median 5% vs. 45%, P =0.048).
There were no differences in MIB-1, HER2, or epidermal
growth factor receptor staining percentages between the
two groups. Women who failed had a median ER percent
cells positive of 62.5%. This was significantly lower than
the 92.5% percent cells positive in tumors that did not fail
(P=0.001). Although the AR percent cells positive was
higher in tumors of women who failed (70% vs. 57.5% for
nonfailures), the difference in AR staining percentage did
not reach statistical significance.

Since we had previously observed that AR mRNA and
protein decrease with treatment in tumors responsive to
neoadjuvant endocrine therapy, but did not decrease in
nonresponsive tumors [8,9] (Figure S1, left in Additional
file 1), we decided to examine nuclear AR as compared
with ER. The median AR:ER ratio in pretreatment biopsies
of responsive tumors (Figure S1A in Additional file 1) in
the neoadjuvant study was 1.00, with a statistically signifi-
cant positive correlation between AR and ER expression
(P=0.006) (Figure S1A in Additional file 1). However, in
nonresponsive tumors (Figure S1B in Additional file 1),
the median ARER ratio was 3.79 with no significant
correlation between AR and ER. Interestingly, in adjacent
uninvolved epithelium (Figure S1C in Additional file 1),
the median ratio of AR to ER expression was 0.94, again
with a significant positive correlation between the two
receptors (P = 0.0003).

Based on these intriguing results in the small neoadju-
vant study, we decided to examine the amount of AR
relative to ER in the larger cohort of 192 female patients
diagnosed with ER + breast cancer that received adjuvant
tamoxifen therapy. To identify the best cutoff point for
separating patients into good and poor survival, a manual
receiver operator characteristic analysis based on time to
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first failure (disease-free interval, DFS) was performed for
the AR:ER ratio — and the optimal cutoff point of 2.0 was
determined. In addition, since the AR:ER ratio was not in
a log-linear relationship with the hazard function, it
was necessary to use the dichotomized variable in the
Cox proportional hazard models. Both AR percent
cell staining and ER percent cell staining contribute
to the AR:ER ratio. AR showed strong positive correl-
ation (r = 0.86, P < 0.0001) with the ratio, while ER showed
moderate negative correlation (r=-0.36, P <0.0001). The
ARER ratio with a cutoff value of 2.0 was significantly
different between the two groups (failed tamoxifen versus
nonfailed), with 27.1% of women who failed having
an AR:ER ratio >2.0 compared with only 6.3% of non-
failures (P < 0.0001).

High AR:ER ratio indicates poor response to traditional
endocrine therapy and overall survival

We compared the correlation between AR:ER ratio
(<2 or >2) with dichotomized study variables (Table 1).
Women with the higher AR:ER ratio are more likely
to have positive lymph nodes and are more likely to
fail on tamoxifen. Tumors from patients with lymph
node-negative disease who did not fail tamoxifen
therapy (no failure within 60 months of surgery) were
significantly more likely to have an AR:ER ratio less than
2.0 (P <0.0001).

We then compared study variables with tamoxifen failure
by 5 years, and overall DFS and overall disease-specific
survival (DSS). By univariate analyses, the tumor size, ER
percent staining and ARER ratio were significantly associ-
ated with all survival outcomes (Table 2), while nodal posi-
tivity was significant only for tamoxifen failure and DEFS.
Notably, the AR:ER ratio was the most significant marker

Table 1 Comparison of AR:ER ratio to clinical and
pathologic variables

ARER <2 ARER>2  Chi-square
Variable n % n % P value
Age <50 170 76 22 136 034
Tumor size >2 cm 170 429 22 591 015
Tumor grade 2+ 3 169 911 22 100 0.15
Lymph node-positive 133 541 14 857 0.02
Failed tamoxifen treatment 170 206 22 591  <0.0001
AR-positive 170 882 22 100 0.9
Progesterone receptor-positive 123 837 8 750 052
MIB-1 221.3 168 530 21 238 0.01
Mitotic index number >4 165 503 22 455 067
erbB2 >30% 149 8.1 20 200 009
EGFR-positive 147 163 19 105 051

AR, androgen receptor; EGFR, epidermal growth factor receptor; ER, estrogen
receptor. Bold data are significant.
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of poor survival (hazard ratio (HR)=4.43 for tamoxifen
failure, P<0.0001; HR =4.40 for DFS, P<0.0001; and
HR =3.66 for DSS, P<0.0001). In contrast, the ER
percent cell staining was associated with reduced risk
(HR =0.98 for tamoxifen failure P < 0.0002; HR = 0.99 for
DFS, P <0.0004; and HR = 0.99 for DSS, P <0.0001) (see
Table 2 for 95% confidence intervals and Figure 1A,B for
Kaplan—Meier curves). A number of factors were inde-
pendently predictive of survival in a Cox proportional haz-
ards model. For tamoxifen failure these variables include
tumor size (HR=1.92 for tumors >2 cm, P=0.03),
lymph node positivity (HR=3.41, P=0.01), and ER
percent staining (HR = 0.98, P = 0.0002) (Table 2).

Figure 1 shows Kaplan—Meier curves with survival
separated into two groups: ARER ratios <2.0 (blue
squares) and those with ratios 2.0 (red circles). By the
end of 10 years, the observed DFS was 10% for patients
with a higher AR:ER ratio compared with approximately
70% for women with a lower ratio (Figure 1A; log-rank
P <0.0001). Overall, 27% (6/22) of women with high
ratios remained disease free by the end of the study
or at the time they were censored compared with
72% (47/169) of women with low ratios. The DSS by
the end of the study was about 30% for women with
higher AR:ER ratios compared with about 60% for
those with lower ratios (Figure 1B; P<0.0001). The
majority of women with high ratios (59%; 13/22) died
from their breast cancer during the study period; only
21% (36/167) of women with low ratios died (Figure 1B).
As shown in Figure 1C, there is a significant difference in
the time to recurrence, with patients having tumors with
high AR:ER ratio failing approximately 11 months earlier
than those with a low (<2) ratio. The significance does not
hold up for DSS; however, patients with high AR:ER ratios
died from their breast cancer on average 10 months earlier
than patients with low ratios (Figure 1D). The number of
patients at risk at each time point is reflective of the
number of patients censored due to no further follow-up
data at each time point (underneath Figure 1A,B,C,D).
Representative AR/ER staining in the <2 or >2 categories
is shown (Figure 1E).

To determine whether the AR:ER ratio was an inde-
pendent predictor of poor survival, a multivariate model
was used that took into account other factors known to
influence outcome. Variables included in a multivariate
analysis were age, grade, tumor size, ER percent staining,
and the dichotomized AR:ER ratio. AR percent staining
was not included in the model because it was not a
significant independent predictor of failure and it was
highly correlated with the AR:ER ratio (Spearman cor-
relation coefficient, r = 0.86, P < 0.0001). Collinearity was
tested for the predictor variables, particularly for ER
percent staining and the AR:ER ratio. The ratio as a con-
tinuous variable was moderately negatively correlated
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Table 2 Univariate analysis for associations of variables with tamoxifen failure at 5 years, disease-free survival and

disease-specific survival for entire study period

Tamoxifen failure 5 years DFS overall DSS overall
Variable n HR (95% ClI) P value HR (95% CI) P value HR (95% ClI) P value
Age <50 16 1.00 1.00 1.00
Age 250 175 049 (0.22, 1.08) 0.08 0.69 (0.33, 1.46) 0.33 0.79 (0.33, 1.87) 0.58
Tumor size <2 cm 105 1.00 1.00 1.00
Tumor size >2 cm 86 1.92 (1.08, 3.42) 0.03 1.95 (1.18, 3.24) 0.01 239 (1.32,431) 0.004
Tumor grade 1 15 1.00 1.00 1.00
Tumor grade 2 112 1.78 (042, 7.54) 043 133 (047, 3.74) 0.59 1.05 (0.37,3.02) 0.92
Tumor grade 3 63 333(0.78,14.2) 0.10 2.05 (0.71, 5.90) 0.18 1.52 (051, 4.51) 045
LN-negative 63 1.00 1.00 1.00
LN-positive 83 341 (140, 831) 0.01 242 (1.19,494) 0.02 2.12 (0.95, 4.75) 0.07
%ER, continuous 192 0.98 (0.98, 0.99) 0.0002 0.99 (0.98, 0.99) 0.0004 0.99 (0.98, 0.99) 0.001
AR=0% 20 1.00 1.00 1.00
AR >0% 171 061 (0.27, 1.36) 0.23 091 (042, 2.01) 0.82 1.20 (043, 3.33) 0.73
AR/ER < 2 169 1.00 1.00 1.00
AR/ER 22 22 443 (2.33,842) <0.0001 440 (247, 7.83) <0.0001 3.66 (1.94, 6.93) <0.0001
PR-negative 22 1.00 1.00 1.00
PR-positive 108 043 (0.18, 1.04) 0.06 062 (0.27, 1.43) 0.26 0.69 (0.26, 1.84) 046
MIB-1 <21.3 93 1.00 1.00 1.00
MIB-1 221.3 95 1.17 (0.66, 2.07) 0.59 0.98 (0.59, 1.61) 0.93 0.98 (0.55, 1.73) 0.94
Mitotic index number <4 94 1.00 1.00 1.00
Mitotic index number >4 92 1.64 (0.92, 2.94) 0.10 1.54 (0.93, 2.55) 0.10 134 (0.77,2.37) 030
erbB2 <30% 152 1.00 1.00 1.00
erbB2 >30% 16 1.02 (0.36, 2.84) 0.98 0.71 (0.26, 1.96) 0.51 0.69 (0.22, 2.24) 0.54
EGFR=0% 139 1.00 1.00 1.00
EGFR >0% 26 1.31 (060, 2.83) 0.50 1.01 (0.50, 2.07) 097 1.17 (0.54, 2.51) 0.70

AR, androgen receptor; Cl, confidence interval; DFS, disease-free survival; DSS, disease-specific survival; EGFR, epidermal growth factor receptor; ER, estrogen receptor;

LN, lymph node; PR, progesterone receptor. Bold data are significant.

with ER percent staining (r = -0.36, P < 0.0001) but there
was no evidence of collinearity based on variance infla-
tion analysis from linear regression models. Based on
the lack of evidence for collinearity, both variables were
included in the Cox models. Using a step-wise modeling
strategy, the final model for tamoxifen failure consisted
of the ARER ratio, ER percent staining and grade.
Women with AR:ER ratio >2.0 are nearly three times
more likely to fail tamoxifen therapy as compared with
women with a lower ratio (HR = 2.87, P = 0.04; Table 3).
This reflects the additional risk from the ratio above the in-
dependent effects of ER percent staining, as in this analysis
the results are adjusted by the percent of ER staining and by
grade. The AR:ER ratio continued to be an independent pre-
dictor of failure for DFS and DSS. The hazard ratio for the
dichotomized AR:ER ratio was higher for DFS (HR = 4.04,
P=0.002). For DSS, the measure of effect was slightly
lower (HR =2.75, P=0.03). Both DFS and DSS models
were adjusted for ER percent staining and tumor size.

To investigate whether the AR:ER ratio was merely a
reflection of the level of ER positivity, we tested various
cutoff points for ER% cell staining. Using 20% cell stain-
ing positive for the ER cutoff point, we determined that
although those patients with little ER were of course more
likely to have a high AR:ER ratio (10/15), there were
12/165 tumors with high ER levels that also had a
high AR:ER ratio (>2.0). A high AR:ER ratio is there-
fore not merely a consequence of low ER. In the multi-
variate setting, while the dichotomization of ER at <20%
versus >20% was significant alone, when the AR:ER ratio
was added ER percent cell staining lost its significance.

Androgens are proliferative in ER+/AR + breast cancer
lines and the AR signaling inhibitor enzalutamide

inhibits androgen-mediated proliferation and tumor
growth in vivo

Lysates from four luminal ER + breast cancer cell lines
were probed for AR and ER (Figure 2A). The prostate
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Figure 1 Women with tumors having a higher AR:ER ratio have a shorter disease-free and disease-specific overall survival as compared
with patients with lower AR:ER ratio. Immunohistochemistry for androgen receptor (AR) and estrogen receptor (ER) were performed on
formalin-fixed paraffin-embedded sections of primary breast cancers. Slides were scored for the percent of positive nuclear staining for AR and ER.
Ratios were calculated to determine the best cutoff point for analysis. For (A) to (D) women are divided into two groups: those with ARER ratios <2.0
(blue squares) and those with ARER ratios =2.0 (red circles). The number of patients at risk at each time point is reflective of the number of patients
censored due to no further follow-up data at each time point (underneath). Kaplan-Meier survival curve for: (A) disease-free survival (DFS) for all
patients; (B) disease-specific survival (DSS) overall for all patients; (C) DFS for patients who failed while on tamoxifen therapy; (D) DSS overall for
patients who failed while on tamoxifen therapy; and (E) representative images of AR and ER staining from the two groups (400x magnification).

cancer cell line LNCaP and the molecular apocrine
breast cancer cell line MDA-MB-453, which express high
levels of AR [20,28,29], were used as positive controls for
AR expression. MCF7 cells and the newly derived BCK4
cell line express both AR and ER (Figure 2A) and the new
androgen receptor signaling inhibitor enzalutamide
prevents ligand-mediated stabilization of AR protein in
MCF7 cells (Figure 2B). Both cell lines proliferate in
response to DHT (Figure 2C,D). Unlike androstenedione
and testosterone, DHT is not aromatizable to estrone or

E2 [30-32]. DHT-stimulated proliferation was blocked
by enzalutamide in both the MCF7 and BCK4 lines
(Figure 2C,D). Enzalutamide inhibited DHT-mediated
nuclear translocation of AR within 3 hours as determined
by nuclear and cytosolic fractionation (Figure 2E).

To determine whether enzalutamide inhibits androgen-
mediated growth in vivo, MCF7 cells constitutively ex-
pressing luciferase (MCF7-TGL) were injected into the
mammary fat pad of ovariectomized mice implanted with
DHT pellets and the tumor burden was measured using

Table 3 Multivariate Cox proportional hazards models for tamoxifen failure at 5 years, disease-free survival and

disease-specific survival for entire study period

AR:ER ratio>2

n Events HR 95% Cl P value Model adjusted by
Tamoxifen failure at 5 years 191* 48 2.87 1.08, 7.67 0.04 ER%, tumor grade
DFS overall 191%* 63 4.04 1.68, 9.69 0.002 ER%, tumor size
DSS overall 190** 49 275 1.11,6.86 0.03 ER%, tumor size

AR, androgen receptor; Cl, confidence interval; DFS, disease-free survival; DSS, disease-specific survival; ER, estrogen receptor. Bold data are significant.
*One case was missing tumor grade.
**Missing outcome data.
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Figure 2 Enzalutamide abrogates androgen mediated proliferation in estrogen receptor-positive breast cancer cells. (A) Baseline levels
of androgen receptor (AR) and estrogen receptor (ER) alpha protein in whole cell lysates from ER-positive (MCF7, BCK4, T47D and ZR-75-1) and

ER-negative (MDA-MB-453) breast cancer and prostate (LNCaP) cancer cell lines. (B) AR protein levels in MCF7 cells plated in charcoal-stripped
serum-containing media for 48 hours prior to treatment with vehicle control, 10 nM 5-alpha-dihydrotestosterone (DHT), 10 uM enzalutamide
(Enza) or a combination of DHT and Enza for 48 hours. (C) MCF7 and (D) BCK4 breast cancer cells, both ER + AR+, were treated with vehicle
control, 10 nM DHT, 10 uM Enza or a combination of DHT and Enza, and MTS proliferation assays were performed. Error bars represent standard
error of the mean. *P < 0.05, ***P < 0.001 for DHT versus DHT + Enza, analysis of variance with Bonferroni's multiple comparison test correction.
(E) AR levels in cytosolic and nuclear fractions of MCF7 cells treated with vehicle, 10 nM DHT, 10 uM enzalutamide or DHT + Enza for 3 hours.

luminescent imaging and caliper measurements. Once
tumors were established, mice were matched based upon
tumor imaging (day -2) into two treatment groups, one
receiving control chow and the other receiving chow
containing 50 mg/kg enzalutamide on day 0. Tumors in
the DHT-treated mice on control chow continued to
grow, while mice receiving DHT plus enzalutamide
showed regression of tumors by the in vivo imaging
system (Figure 3A) and caliper measurement (data not
shown). On the final day of imaging (day 19), tumors had
regressed to near undetectable levels, with an 83.2% de-
crease in luminescence in mice receiving DHT plus enza-
lutamide as compared with the DHT group (Figure 3A,B).
As determined by BrdU incorporation and immunostain-
ing, proliferation in the enzalutamide-treated tumors
was 31.3% lower than in tumors treated with DHT
alone (Figure 3C). TUNEL staining indicated a 50%

increase in apoptotic cells in enzalutamide-treated tumors
(Figure 3D). A dramatic (92.5%) decrease in AR nuclear
localization was observed in the tumors treated with
enzalutamide (Figure 3E), consistent with the ability of
enzalutamide to impair nuclear entry of AR in prostate
cancer [33]. Similar results to the above with MCF7
xenografts were obtained in mice administered enzalu-
tamide by oral gavage, where tumor burden decreased in a
dose-dependent manner (data not shown).

Enzalutamide inhibits androgen-mediated growth in

ER- breast cancer cells in vitro and in vivo

The MDA-MB-453 breast cancer cell line represents
the ER- molecular apocrine or luminal androgen re-
ceptor subtype of breast cancer with high levels of
AR [17,18,20,34]. In this line, AR contains a point
mutation (Q865H) reported to decrease sensitivity to
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Figure 3 Enzalutamide inhibits androgen-stimulated growth of MCF7 tumors in vivo. MCF7-TGL cells stably expressing luciferase were
implanted orthotopically in the mammary gland of NOD/SCID ovariectomized female mice with a 5-alpha-dihydrotestosterone (DHT) pellet
implanted subcutaneously. Mice were matched into two groups based on tumor volume (day —2) and treatment with either control chow (DHT)
or chow containing 50 mg/kg enzalutamide (DHT + Enza) begun (day 0, indicated by arrow), and the tumor burden was measured by whole-body
luminescence. (A) Mean total flux of all mice in each of the treatment groups. Error bar represents standard error of the mean. *P < 0.05, Wilcoxon
rank sum. (B) Total luminescent flux is shown for all individual mice at the day of matching (day —2) and at the final imaging day (day 19). *P < 0.05,
Wilcoxon rank sum. (C) Mice were injected with bromodeoxyuridine (BrdU) 2 hours prior to sacrifice and BrdU immunohistochemistry was performed on
formalin-fixed paraffin-embedded tumor sections and quantified. *P < 0.05, Student'’s ¢ test. Representative images of BrdU staining (400x magnification)
and quantification. (D) Quantification of apoptotic cells as measured by terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) staining
with representative images below (400x magnification). *P < 0.05, Student’s t test. (E) Quantification of nuclear AR staining and representative images
(400x magnification). **P < 0,001, Wilcoxon rank sum.

DHT [35]. Nonetheless, these cells proliferate in response
to androgens [28,29] and we therefore sought to deter-
mine whether enzalutamide could block DHT-mediated
effects on proliferation and gene expression. Indeed,
enzalutamide completely abrogated proliferation induced

by DHT (Figure S2A in Additional file 2) and expression
of known AR-regulated genes [29], such as fatty acid
synthase, gross cystic disease fluid protein (also called
prolactin inducible protein) and prolactin receptor, was
reduced by enzalutamide (Figure S2B in Additional file 2).
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Further, in MDA-MB-453 cells that stably express an
androgen responsive luciferase reporter (MDA-kb2) [36],
enzalutamide inhibited luciferase reporter activity in a
dose-dependent manner (Figure S2C in Additional file 2).
Enzalutamide impairs ligand-mediated nuclear import of
AR in prostate cells [33], and in MDA-kb2 cells it reduced
the ratio of nuclear to total AR (Figure S2D in Additional
file 2). Immunoblotting for AR in nuclear and cytoplasmic
lysates demonstrates that the same is true in wild-type
MDA-MB-453 cells (Figure S3 in Additional file 3).

To determine whether enzalutamide inhibits andro-
gen-induced tumor growth of ER— breast cancer cells,
MDA-MB-453 xenografts were grown at the orthotopic
site in mice implanted with a DHT pellet and the tumor
size was measured by caliper. Once tumors reached
100 mm?, mice were treated with 10 mg/kg/day enzalu-
tamide or vehicle by oral gavage (Figure 4A, green
arrow). DHT stimulates tumor growth as previously
reported [20], but in mice treated with DHT plus enza-
lutamide (10 mg/kg by oral gavage) tumors did not
significantly differ from mice that received vehicle control
(Figure 4A). Another group of mice received a higher dose
of enzalutamide (25 mg/kg/day) starting when tumors
reached an average of 400 mm?> (Figure 4A, blue arrow).
At this higher dose, there was a trend towards decreased
tumor size, although this did not reach statistical signifi-
cance (Figure 4A). Tumor weights in either the low-dose
or high-dose enzalutamide treatments were significantly
lower than mice treated with DHT only, an 85.2% and
65.0% decrease respectively (Figure 4B), indicating that
the caliper measurements for a high dose of enzalutamide
underestimates the decreased tumor burden in this group.
Interestingly, there was a statistically significant increase
in apoptosis in both enzalutamide treatment groups
versus DHT (60.0% and 54.3% increase in low-dose and
high-dose groups respectively), as measured by cleaved
caspase 3 (Figure 4C, quantification on left and repre-
sentative images on right), but there was no difference in
the proliferation rate of any of the groups, as measured
by Ki67 staining (not shown). Thus, in MDA-MB-453
tumors, DHT protects cells against apoptosis and
enzalutamide impairs this anti-apoptotic effect. Con-
sistent with the in vitro data, enzalutamide decreased
ligand-mediated nuclear entry of AR such that there
is a significant decrease (50.0% in low dose and 44.3%
in high dose) in the number of AR-positive nuclei in
the enzalutamide-treated tumors (Figure 4D, quantifi-
cation on left and representative images on right).
Similarly, when an MDA-MB-453 xenograft study was
performed with low-dose and high-dose enzalutamide
treatments initiated when the tumors reached 100 mm?
(Figure S4A in Additional file 4), tumor growth was
decreased in a dose-dependent manner (Figure S4B in
Additional file 4) and was associated with significantly
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reduced nuclear AR staining in enzalutamide-treated
tumors (Figure S4C in Additional file 4). Steady-state
concentrations of enzalutamide, including the pharma-
cologically active metabolite N-desmethyl-MDV3100, in
the MDA-MB-453 xenograft studies were only moderately
lower than what has been reported in patients receiving
160 mg/day enzalutamide (Cmax values for enzaluta-
mide and the pharmacologically active metabolite, N-
desmethyl enzalutamide, were 16.6 pg/ml and 12.7 pg/ml,
respectively).

Enzalutamide inhibits estrogen mediated growth in vitro
and in vivo

While enzalutamide has high affinity binding for AR,
it does not significantly bind to either ERa or ERp as
determined by ligand binding assays (Table S1 in Additional
file 5). However, originally as a negative control in experi-
ments where we were antagonizing DHT with enzaluta-
mide, we combined enzalutamide with E2 in ER+/AR +
breast cancer cells. Surprisingly, enzalutamide significantly
inhibited E2-induced proliferation of both MCF7 and
BCK4 cells in vitro (Figure 5A,B). Enzalutamide also
inhibited E2-induced upregulation of PR and SDEF-1,
two estrogen-responsive genes (Figure 5C). In stark
contrast, although bicalutamide effectively inhibited
DHT-mediated proliferation in MCF7 cells (Figure 5D),
it had the opposite effect on E2 signaling, as it significantly
increased E2-mediated proliferation (Figure 5E) and in-
creased the E2-mediated induction of PR and SDEF-1
mRNA (Figure 5F).

To determine the effect of enzalutamide on E2-stimu-
lated breast tumor growth in vivo, a xenograft study was
performed injecting MCF7-TGL cells in ovariectomized
mice implanted with an E2 pellet. Cells were injected
orthotopically and once tumors were established (arrow,
average size of 100 mm?), mice were matched into three
groups: control chow; control chow and a tamoxifen
pellet; and chow containing 50 mg/kg enzalutamide
(Figure 6A). Enzalutamide significantly inhibited E2-
mediated MCF7 tumor growth as effectively as tamoxi-
fen, with a decrease in tumor luminescence of 59.9% for
the tamoxifen group and 70.3% in the enzalutamide
group at day 11. Day 11 was the final day of imaging for
the E2-only group since these mice had to be euthanized
due to tumor burden. Luminescence flux for individual
animals (Figure 6B) and images of mice (Figure 6C) are
shown for the day of matching (day -3) and the last
imaging day when all mice were alive (day 11). Both
drugs significantly decreased cell proliferation, with a
46.4% decrease in the E2 plus tamoxifen group and a
54.2% decrease in the E2 plus enzalutamide group com-
pared with the E2 group, as measured by BrdU incorpor-
ation (Figure 6D). In contrast to what was observed in
DHT-mediated tumor growth, enzalutamide did not
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increase apoptosis when opposing E2-stimulated growth
(data not shown). Interestingly, ER protein levels in the
MCEF7 xenograft tumors were affected differently by
tamoxifen versus enzalutamide (Figure S5 in Additional
file 6). ER immunostaining was quantified with Image]
and by pathologist (PJ) scoring in a blinded manner

for percent cells positive for nuclear ER. By both
methods, ER was extremely low in the E2-alone group,
but significantly increased with the addition of tamoxifen.
However, in the E2 plus enzalutamide group, ER levels
are not significantly different from E2 alone, indicating
that enzalutamide does not elicit upregulation of ER
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like tamoxifen (Figure S5 in Additional file 6) and
suggests that enzalutamide affects ER by a different
mechanism than the competitive antagonist tamoxifen.
This intriguing finding will be the focus of a subsequent
study.

Importantly, mean animal weights during and at the
end of all in vivo studies showed no differences across
treatment groups, indicating no adverse effects on the
general health of the mice (Figure S6 in Additional file 7).

Discussion

The vast majority of ER + breast cancers are clearly also
AR + (84 to 91%) [5,37,38] and patients with tumors that
co-express AR with ER and PR have a longer DFS than
those with tumors negative for all three receptors [37],
probably reflecting a more well-differentiated state than
that of receptor-negative tumors . However, the question
of whether androgens and ARs are harmful or beneficial
for patients with breast cancer is complex [39-41] and
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Figure 6 Enzalutamide inhibits estrogen-stimulated growth of MCF7 tumors as effectively as tamoxifen. MCF7-TGL cells stably expressing
luciferase were implanted orthotopically in the mammary gland of ovariectomized female nude mice. All mice had an estradiol (E2) pellet
implanted subcutaneously and were given either control chow (E2), control chow plus a tamoxifen pellet implanted subcutaneously (E2 + Tam)
or chow containing 50 mg/kg enzalutamide (E2 + Enza). The tumor burden was measured by whole-body luminescence. (A) Mean total flux.
Mice were matched on day —3 and treatment began on day 0 (arrow). *P < 0.05, analysis of variance (ANOVA) with Bonferroni's multiple comparison
test correction. (B) The total luminescent flux is shown for individual mice on the day of matching (day —3) and of final imaging (day 11). *P < 0.05,
ANOVA with Bonferroni's multiple comparison test correction. (C) Images of luminescent signal in the two treatment groups at time of matching

(day —3) and the final day of imaging (day 11). (D) Mice were injected with bromodeoxyuridine (BrdU) 2 hours prior to sacrifice and immunohistochemistry
for BrdU was performed on tumor sections and quantified using imageJ (National Institutes of Health, Bethesda, MD, USA). Representative images of
BrdU staining (left, 400x magnification) and quantification (right). **P < 0.01 for E2 versus E2 + Tam, ***P < 0001 for E2 versus E2 + Enza, ANOVA with

probably differs with menopausal status, treatment and
breast cancer subtype.

Our analysis of 192 women with ER + breast cancers
treated with tamoxifen revealed that rather than the level
of AR expression, the AR:ER ratio may play a role in dis-
ease progression and response to treatment. In our cohort,
women with tumors expressing a high ratio of AR:ER
(>2.0) had over four times the risk for failure while on
tamoxifen (HR =4.43) compared with women with a low
ratio (<2.0). When ER percent cell staining was added to
the model, the risk dropped to 2.87-fold, showing that

although ER percent staining explained some of the
increase in risk from a higher ratio, the ARER ratio actu-
ally has an independent effect on risk for failure above ER
percent staining. In summary, the data indicate that a high
ratio of nuclear AR to ER protein is indicative of shorter
time to relapse in patients treated with tamoxifen, and
may also be indicative of a lack of response to neoadjuvant
Al treatment. Although they need to be tested in
additional cohorts, these provocative findings suggest that
the AR:ER ratio may be a new, independent predictor of
response to traditional E2/ER-directed endocrine
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therapies. The finding may also indicate that patients
that relapse while on tamoxifen or Als might be good
candidates for AR-directed therapy. Lastly, AR:ER ra-
tio is also an independent predictor of DFS (HR = 4.04,
95% confidence interval: 1.68, 9.69; P=0.002) and DSS
(HR = 2.75, 95% confidence interval: 1.11, 6.86; P = 0.03).

Our in vitro and preclinical results demonstrate that
enzalutamide inhibits androgen-stimulated growth of
both ER+/AR +and ER-/AR + breast tumors. Surpris-
ingly, with regard to E2-mediated proliferation, enzaluta-
mide, which works by impairing androgen-mediated AR
nuclear entry, gives a completely different result than
the traditional anti-androgen, bicalutamide. Although
DHT is clearly proliferative in MCF7 and BCK4 cells, in
some breast cancer cell lines DHT decreased E2-
induced proliferation [28,42-44]; however, the antagonist
bicalutamide consistently increased E2-mediated pro-
liferation. This bicalutamide-mediated increase in E2-
stimulated proliferation was interpreted as indicating
that AR is protective against E2-mediated breast cancer
cell proliferation. However, we now present contrasting
results demonstrating that inhibition of AR with enzalu-
tamide decreases ER-mediated proliferation. A critical
difference between the two drugs is that while bicalu-
tamide permits AR nuclear entry, enzalutamide greatly
impairs AR localization and ligand-mediated stabilization,
as indicated in studies in prostate cancer and our nuclear
and cytosolic fractionation and immunohistochemistry in
xenograft tumors presented in this study. Our results with
enzalutamide thus shed new light on the role of AR in
breast cancer, since in vitro and in vivo preclinical studies
demonstrate that inhibiting AR nuclear localization de-
creases both androgen and estrogen-stimulated tumor
growth.

We propose an explanation that reconciles conflicting
reports regarding the role of AR in breast cancer by
recognizing that hormonal influences on the breast are
quite different in premenopausal versus postmenopausal
women. Data suggesting a protective effect of androgens
studied androgen in the presence of estrogen, thereby
more closely modeling the premenopausal state [45]
where androgens and AR may be protective against E2-
mediated proliferation. AR can bind to the ER cofactor
FOXAI and to estrogen response elements, albeit as a
weaker transcriptional activator than ER at these loci;
therefore, the net effect of liganded AR competing with
liganded ER may be decreased E2-mediated proliferation
[42]. Additionally, in ER-/AR + tumors such as the
MDA-MB-453 cell line, global AR binding events largely
overlap that of ER in ER +luminal A tumors [19]. In
contrast, in postmenopausal women with ER + breast
cancer (which represent the majority of cases), and par-
ticularly in those being treated with Als, circulating
levels of E2 are extremely low, while circulating androgen
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levels are slightly elevated since Als block the conversion
of androgens to estrogen [12]. Importantly, circulating
levels of testosterone, androstenedione, and DHEA-S
increase in women on Al therapy [13] as compared with
pretreatment levels. Furthermore, high levels of the
adrenal androgen DHEA-S before treatment are predictive
of failure on Als and circulating DHEA-S increased during
treatment in patients with tumors that failed to respond
to Al treatment [14]. In the context of a postmenopausal
woman on Al therapy (in the absence of estrogen), it is
possible that activated AR could mediate protumorigenic
pathways in breast cancers. As recently reviewed [40,46],
the data in cell lines regarding whether DHT is prolifera-
tive are very conflicting; however, a study with seven lines
derived from ductal carcinomas demonstrated that the
majority were growth stimulated by physiologic levels of
testosterone [47]. Interestingly, local production of sex
steroids can occur, and DHT levels have been found to be
significantly higher in carcinomatous breast tissues than in
the blood of postmenopausal breast cancer patients [48].
DHT is not aromatizable [31,32,49], indicating that
conversion to estrogens is not causing breast tumor
growth in our study. Furthermore, we observe that enza-
lutamide acts differently when it opposes DHT versus
E2-driven tumor growth. Enzalutamide very effectively
blocks DHT-mediated protection against apoptosis in
both ER + and ER- tumors, but it inhibits proliferation
but does not affect apoptosis when opposing E2-stimulated
tumor growth in ER+/AR + models. Although enzaluta-
mide does not bind ER, it appears to affect ER in MCF7
xenograft tumors, but in a different manner than tam-
oxifen. Furthermore, we find that enzalutamide blocks
the E2-mediated induction of ER-regulated genes such
as the chemokine SDF-1 (also known as CXCLI12).
SDF-1 mediates the mitogenic effects of E2 in breast
cancer cells [50]. The SDF-1/CXCR4 pathway can acti-
vate ER via phosphorylation, and E2-driven proliferation
is blocked by inhibition of this pathway [51]. SDF-1
promotes the growth of prostate epithelial cells by pro-
moting the nuclear localization of AR, binding of AR to
DNA and increased PSA protein in a ligand independent
manner [52]. In contrast to enzalutamide, bicalutamide
enhances upregulation of SDF-1 and other E2-regulated
genes, and enhances E2-mediated breast cancer cell
proliferation. This difference in how enzalutamide and
bicalutamide affect ER activity may provide insight into
the role of AR in breast cancer. When bound to bica-
lutamide, AR can still translocate to the nucleus and
bind to DNA [22]. In contrast, enzalutamide has been
reported to impair liganded AR nuclear entry in prostate
cancer cells [33,53], as we see in this study in breast can-
cer cell lines in culture and xenografts. Our observation
that enzalutamide blocks E2-induced proliferation and
inhibits liganded ER activity on classical ER-regulated
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genes thus suggests that nuclear AR is critical for ER
function. Indeed, AR and ER can directly interact in
breast cancer cells [54,55].

Conclusion

While AR has been considered a potential therapeutic target
in ER—/AR + breast cancers [2,17,18,20], it has not previ-
ously been suggested as a target in ER + breast cancers. Our
data in clinical specimens suggest that the ratio of nuclear
AR to ER may critically influence tumor biology and re-
sponse to endocrine therapy. A high ARER ratio may be
predictive of suboptimal response to ER-directed endocrine
therapy. Furthermore, higher nuclear expression of AR rela-
tive to ER may also be indicative of active AR, since AR
translocates to the nucleus and is stabilized upon ligand
binding. AR and ER are expressed at roughly equivalent
amounts in tumors that respond to neoadjuvant endocrine
therapy and in adjacent uninvolved epithelium, suggesting
that similar levels of AR and ER reflect a more normal state.
In addition to being a predictor of poorer response to trad-
itional endocrine therapy and overall DFS, high levels of AR
relative to ER may also identify a subset of breast cancers
that would respond more favorably to enzalutamide alone
or combined with tamoxifen or Als. Targeting AR may
prove useful in patients with recurrent ER + disease. If the
long-term selective pressure of drugs targeting the E2/ER
pathway leads to tumors switching to dependence on andro-
gens, initial treatment with both Al and enzalutamide may
be beneficial. In summary, our preclinical data support the
initiation of clinical studies evaluating enzalutamide for
treatment of AR +tumors regardless of ER status, since
enzalutamide uniquely blocks both androgen-mediated and
estrogen-mediated tumor growth. Recently, a mutation was
discovered in AR that confers resistance to enzalutamide
and another new generation anti-androgen, ARN-509,
[56,57]. Whether such mutations will also arise in breast
cancer patients treated with anti-androgens remains to be
seen.

Additional files

Additional file 1: Figure S1. Showing breast tumors that respond to
endocrine therapy tend to have decreased AR expression while nonresponders
tend to maintain AR expression. There is a positive correlation between AR and
ER in responsive tumors and uninvolved adjacent epithelium. Patients received
4 months of neoadjuvant endocrine therapy (exemestane or exemestane +
tamoxifen). Core biopsies taken prior to treatment (pre) and a tumor sample at
the time of surgery (post) were stained for AR expression. Graph depicts the AR
score (percent cells positive for nuclear AR staining versus intensity) in the pre
and post treatment samples for those who responded to the endocrine
therapy versus nonresponders. P = 0.064, Wilcoxon matched-pair test (left top).
Staining of AR in representative responsive and nonresponsive tumors pre
versus post treatment is shown below (400x magnification) (left, bottom). In
the same tumors, staining score (percent positive staining X intensity) for
nuclear AR was plotted on the y axis and ER on the x axis for patients

who responded (A, graph) versus those who did not (B, graph). Normal
uninvolved glands adjacent to tumors were scored for AR and ER (C, graph).
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The slope of the line (B) is indicated, as well as the P value, Spearman
correlation. Representative images of AR and ER staining (400x magnification)
in responders (A, right), nonresponders (B, right) and normal adjacent (C, right)
(1,000x magnification).

Additional file 2: Figure S2. Showing that enzalutamide (Enza)
abrogates DHT-mediated proliferation in ER-negative breast cancer cells. (A)
MTS proliferation assays were performed in MDA-MB-453 cells treated with
vehicle, 10 nM DHT, 10 uM Enza or DHT + Enza. Error bars = standard error
of the mean (SEM). (B) Real-time polymerase chain reaction for androgen
responsive genes fatty acid synthase (FASN), gross cystic disease fluid
protein (GCDFP-15, also called prolactin inducible protein) and prolactin
receptor (PRLR) was performed from RNA harvested from MDA-MB-453
breast cancer cells treated with vehicle, 10 uM Enza, 10 nM DHT or DHT +
Enza for 24 hours. Genes normalized to 18S and relative to vehicle. *P < 0.05,
**P <001 for Student’s t test. (C) MDA-k2b cells, which contain an androgen
responsive luciferase construct, were treated for 24 hours with various
concentrations of DHT alone or in combination with 1 or 10 uM Enza prior
to luciferase assay, and luciferase units relative to the 0,001 nM DHT are shown.
Error bars = SEM. (D) MDA-kb2 cells were treated as indicated for 3 hours.
Nuclear and total AR staining was quantified with graph indicating the ratio of
nuclear to total AR (each triangle represents one cell). Representative images
(600x magnification). For proliferation and luciferase assays and the
quantification of nuclear/total AR ratio, *P < 0.05, **P < 0.01, **P < 0.001 for
DHT versus DHT + Enza, analysis of variance with Bonferroni's multiple
comparison test correction.

Additional file 3: Figure S3. Showing that enzalutamide (Enza) impairs
DHT-mediated nuclear entry of AR in apocrine breast cancer cells. MDA-453
cells were treated with vehicle, 10 nM DHT, 10 uM enzalutamide or DHT +
Enza for 3 hours. After nuclear and cytoplasmic fractionation, lysates were
immunoblotted for AR, Topo | (control for nuclear fraction) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH; control for cytoplasmic fraction).

Additional file 4: Figure S4. Showing that enzalutamide (Enza) inhibits
androgen-mediated growth of MDA-MB-453 tumors. MDA-MB-453 cells
were injected orthotopically in the mammary gland of female NOD-SCID-
IL2Rgc ™~ mice. Three groups had a DHT pellet implanted subcutaneously
and one group had no pellet (Vehicle). Once the tumors reached 100 mm?,
the mice were given vehicle (Vehicle and DHT groups) or Enza at 10 mg/kg
or 25 mg/kg, by daily oral gavage. (A) Tumor volume was measured

weekly by caliper. Error bars represent standard error of the mean. *P < 0.05,
**P <001, ***P <0001 for DHT versus DHT + Enza (10 mg/kg) and DHT +
(25 mag/kg), Wilcoxon rank sum. (B) Tumors were excised and weighed at
the end of the experiment. ***P < 0.001, analysis of variance with Bonferroni's
multiple comparison test correction. (C) Tumor sections stained for AR.
Nuclear AR staining was quantified and representative images (200x
magnification) are shown below. *P < 0.05, Kruskal-Wallis with Dunn’s
multiple comparison test correction.

Additional file 5: Table S1. Presenting the competitive radioligand
binding assay with enzalutamide competing with 0.5 nM [3H] estradiol
for binding to ERa and ERB. The competing reference ligand was 1 uM
diethylstilbestrol, which gave 50% inhibition at 0.5 nM on ERa and 0.9 nM
on ERB, while enzalutamide at concentrations up to 100 mM only gave
between 1 and 4% inhibition on ERa and between 1 and 6% on ERB.

Additional file 6: Figure S5. Showing that enzalutamide (Enza)
affects ER protein differently than tamoxifen in vivo in MCF7 xenografts.
Immunohistochemical staining of ER performed on formalin-fixed
paraffin-embedded MCF7 tumor sections (n=8 E2 and E2 + TAM, and
n=9 E2 + Enza) scored by pathologist for (A) percent positive nuclear
staining (**P < 0.005) and (B) intensity. (C) Overall percent positive signal
quantified by ImagelJ. *P < 0.05. (D) Representative images at 1,000 X.

Additional file 7: Figure S6. Showing that treatments did not affect
mouse body weights in any of the three xenograft experiments. Average
mouse weights in grams for (A) mice with MCF7 xenografts in the E2,

E2 + enzalutamide (Enza), and E2+ tamoxifen (Tam) treatment groups at
the end of the study (day 11); (B) mice with MCF7 xenografts in the DHT
versus DHT + Enza treatment groups at the end of the study (day 19);
and (C) mice with MDA-MB-453 xenografts treated with vehicle, DHT
alone, DHT + 25 mg/kg MDV3100 (Enza), or DHT + 10 mg/kg MDV3100
(Enza) throughout the experiment.
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Abstract

Triple negative breast cancer (TNBC) has the lowest five-year survival rate of invasive breast
carcinomas. Currently, there are no targeted therapies for TNBC. Recent studies demonstrate that
the androgen receptor (AR) is expressed in up to one third of TNBC. AR is highly expressed in
the "luminal AR (LAR)" molecular TNBC subtype and we previously demonstrated that the anti-
androgen enzalutamide (ENZ) effectively inhibits this TNBC subtype in vivo. However, AR is
also present in the other TNBC molecular subtypes and may present a broader opportunity for
targeted therapy. To test the hypothesis that non-LAR TNBC also critically depend on AR and
that AR inhibition would decrease tumor burden in preclinical models of non-LAR TNBC, we
utilized ENZ or shRNAs against AR. AR inhibition significantly reduced baseline proliferation,
anchorage independent growth, migration and invasion, and increased apoptosis, in SUM159PT,
HCC1806, BT549 and MDA-MB-231 cells. In SUM159PT and HCC1806, dihydrotestosterone
and ENZ altered expression of the EGFR ligand amphiregulin (AREG), while treatment with
exogenous AREG rescued decreased proliferation and migration of AR knockdown cell lines.
This suggests that AR regulation of AREG is one mechanism by which AR influences
proliferation, migration and invasion. In vivo, ENZ significantly decreased the viability of
SUM159PT and HCC1806 xenografts. Together, our findings suggest that AR+ TNBC of
multiple molecular subtypes depend on AR for proliferation and migratory/invasive capacity,
and, moreover, that ENZ may be efficacious in non-LAR molecular subtypes of AR+ TNBC in

the clinic.



Introduction

Triple negative breast cancer (TNBC) constitutes 10-20% of invasive breast carcinomas
and has the lowest five-year survival rate compared to other breast cancer subtypes (1). In TNBC
patients, 12-28% achieve a pathological complete response following neoadjuvant chemotherapy
and have a better disease free and overall survival compared to TNBC patients with residual
disease (2, 3). Importantly, TNBC patients with residual disease have a significantly worse
overall survival than non-TNBC patients (2). The discrepancy in survival between TNBC and
non-TNBC patients with residual disease is exacerbated by the absence of effective targeted
therapy for TNBC. TNBC lacks estrogen receptor (ER) and progesterone receptor (PR)
expression as well as HER2 amplification and thus is unresponsive to traditional endocrine or
HER?2 therapies that improve overall survival in other breast cancer (BC) subtypes. Although
TNBC lacks the hormone receptors traditionally associated with BC, many TNBCs express other
hormone receptors, including the glucocorticoid receptor (4) and androgen receptor (AR). AR, a
ligand-activated nuclear hormone transcription factor (5), is expressed in 12-36% of TNBC (6-

9).

A defining role for AR and AR-regulated genes in the molecular biology and
classification of breast cancer was established by microarray profiling studies of invasive breast
carcinomas, including TNBC (10-14). Lehmann et al. characterized TNBC as a heterogeneous
disease with seven molecular subtypes, including unstable, basal-like 1, basal-like 2,
mesenchymal-like, mesenchymal stem-like, immunomodulatory, and luminal AR (LAR). The
LAR subtype is similar to previously characterized molecular apocrine tumors (12, 13, 15) and
its gene expression profile and chromatin binding patterns mimic luminal, ER+ breast cancer

despite being ER negative (11, 14). Within the TNBC molecular subtypes, LAR TNBC has the
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highest AR expression (16) and thus preclinical research has predominately focused on the

efficacy of AR-targeted therapy using LAR cell line models of AR+ TNBC.

Our group and others have demonstrated that the LAR cell line MDA-MB-453 is
sensitive to androgens in vitro (17, 18) and in vivo (17). Xenograft studies with AR antagonists
have also demonstrated that LAR SUM185PE, CAL-148 and MDA-MB-453 cell lines are
sensitive to bicalutamide (14) or enzalutamide (ENZ) (17). Although there is strong preclinical
data to suggest that LAR TNBC subtypes may benefit from AR-targeted therapy, other TNBC

molecular subtypes express AR and may also benefit from treatment with AR antagonists.

A phase 1l trial of bicalutamide in ER-/PR-/AR+ metastatic breast cancer demonstrated a
19% clinical benefit rate (19) indicating that AR antagonists may be an effective targeted therapy
for some AR+ TNBC patients. A phase Il trial (NCT01889238) of the newer generation AR
antagonist enzalutamide (ENZ), which blocks AR nuclear localization and is thus less likely to
act as a partial agonist, is underway in TNBC. While the inclusion criteria for the current phase
Il trial of ENZ is 1% AR+ staining, most in vitro studies have focused on AR in LAR TNBC cell
line models with very high AR expression and little is known about the role of AR or efficacy of
ENZ in TNBC with lower AR expression. We hypothesized that non-LAR, AR+ TNBC may
also critically depend on AR and could benefit from treatment with ENZ. Our study indicates
that multiple subtypes of AR+ TNBC depend on AR for proliferation, migration and invasion,
and tumor growth in vivo, and provides promising preclinical data on the efficacy of ENZ in

TNBC with low AR expression.



Materials and Methods

Cell culture

All cell lines were authenticated by short tandem repeat analysis and tested negative for
mycoplasma in July of 2014. Molecular subtypes of TNBC cell lines used in the present study
were previously categorized by Lehmann et al. (14). SUM159PT cells were purchased from the
University of Colorado Cancer Center Tissue Culture Core in August of 2013 and were grown in
Ham’s F-12 with 5% fetal bovine serum, penicillin/streptomycin, hydrocortisone, insulin,
HEPES and L-glutamine supplementation. MD-MB-231 (MD231) cells were purchased from the
ATCC in August of 2008 and were grown in minimum essential media with 5% fetal bovine
serum, penicillin/streptomycin, HEPES, L-glutamine, non-essential amino acids and insulin
supplementation. HCC1806 cells were obtained from the laboratory of Dr. Haihua Gu in 2011
and propagated in RPMI Medium 1640 with 10% fetal bovine serum and
penicillin/streptomycin. BT549 cells, purchased from the ATCC in 2008, were grown in RPMI
Medium 1640 with 10% fetal bovine serum, penicillin/streptomycin and insulin. All crystal
violet were conducted in 5% charcoal-stripped serum to directly study the effect of DHT on
cellular proliferation or transcription respectively. All other experiments were performed in full
serum as described above with the exception of migration assays which were performed in
serum-free conditions to prevent cellular proliferation.

SUM159PT-TGL and HCC1806-TGL cells were generated by stable retroviral
transduction with a SFG-NES-TGL vector, encoding a triple fusion of thymidine kinase, green
fluorescent protein and luciferase and sorted for green fluorescent protein. SUM159PT,
HCC1806, BT549 and MDA231 AR knockdown cells were generated by lentiviral transduction

of shRNAs targeting AR (pMISSION VSV-G, Sigma Aldrich; St Louis, MO), including AR



shRNA 3715 (shAR15) and AR shRNA 3717 (shAR17). Lentiviral transduction of pMISSION
shRNA NEG (shNEG) was used as a non-targeting control. Plasmids were purchased from the
University of Colorado Functional Genomics Core Facility.

Cellular Assays and Reagents

Cells were treated with 10 uM enzalutamide (ENZ, Medivation; San Francisco, CA), 10
nM dihydrotestosterone (DHT, Sigma Aldrich), and 1ug/ml recombinant human amphiregulin
(AREG, R&D Systems; Minneapolis, MN). 10 uM ENZ approximates the 1Csq of the four cell
lines studied (data not shown) and is a clinically achievable, well-tolerated treatment
concentration (NCT01889238). Androgen concentrations have been previously examined in
breast cancer(20) and intratumoral DHT concentrations (249 pg/g) were significantly higher than
in blood. The DHT concentration of the present study is consistent with other in vitro studies of
DHT in breast cancer (18, 21), and approximates levels of circulating testosterone in obese,
postmenopausal women (22) as well as DHT levels in fetal bovine serum used during routine
tissue culture propagation (23).

Migration and invasion scratch wound assays were performed with or without BD
Matrigel (BD Biosciences), respectively, per the manufacturer’s instructions and scanned with
the Incucyte ZOOM apparatus (Essen BioSciences; Ann Arbor, MI). When an attractant was
required for invasion, trans-well invasion assays were performed with BD BioCoat Matrigel
Invasion Chambers (BD Biosciences; Bedford MA) per the manufacturer’s protocol. Caspase 3/7
fluorescent reagent (Essen BioSciences) was used at a dilution of 1:1000 and normalized to cell
count (apoptotic index), following the manufacturer’s protocol, to assess apoptosis in vitro. The
Amphiregulin Human ELISA Kit (Abcam; Cambridge, MA) was used to measure extracellular

AREG concentrations per the manufacturer’s protocol.



For crystal violet assays, cells were fixed in 10% formalin, rinsed in PBS and stained
with 5% crystal violet. Crystal violet was then dissolved in 10% acetic acid and measured at
540A. MTS assays were performed with the CellTiter 96 Aqueous One Solution Cell
Proliferation Assay (Promega; Madison, WI) according to the manufacturer’s protocol.
Proliferation assays were also performed using the Incucyte ZOOM imaging system (Essen
BioSciences). Soft agar assays were performed in 0.5% bottom and 0.25% top layer agar (Difco
Agar Noble, BD Biosciences).

Tumor studies

Xenograft experiments were approved by the University of Colorado Institutional Animal
Care and Use Committee (IACUC protocol 83614(01)1E). All animal experiments were
conducted in accordance with the National Institutes of Health Guidelines of Care and Use of
Laboratory Animals. For both xenograft experiments, 10®6 SUM159PT-TGL or HCC1806-TGL
cells were mixed with Matrigel (BD Biosciences; Franklin Lakes, New Jersey) and bilaterally
injected into the fourth inguinal mammary fat pad of female, athymic nu/nu mice (Taconic;
Germantown, NY). Tumor burden was assessed by luciferase activity and caliper measurements
(tumor volume was calculated as volume=(length x width?)/2). Once tumors were established,
mice were randomized into groups based on the total tumor burden as measured by in
vivo imaging. Mice were administered ENZ in their chow (approximately a 50 mg/kg daily
dose). ENZ was mixed with ground mouse chow (Research Diets Inc.; New Brunswick, NJ) at
0.43 mg/g chow. The feed was irradiated and stored at 4°C before use. Mice in the control group
received the same ground mouse chow but without ENZ. All mice were given free access to
ENZ formulated chow or control chow during the study period. Two hours prior to sacrifice,

mice were injected intraperitoneally with 50 mg/kg bromodeoxyuridine (Sigma-Aldrich). Mice



were euthanized by carbon dioxide asphyxiation followed by cervical dislocation, and the
tumors, small intestine, and mammary glands were harvested.

Histology

Tissues were fixed in 10% neutral buffered formalin, and tissue processing and paraffin
embedding was performed by either the UCDenver Tissue Biobanking and Processing Core or
the UCH Anatomic Pathology Laboratory. Hematoxylin and Eosin stains were purchased from
Anatech Ltd. (Battle Creek, MI) and used per the manufacturer’s instructions.

Archival formalin-fixed paraffin-embedded primary breast tumors designated as hormone
receptor negative and HER2 < 10% were collected under the Institutional Review Board protocol
Molecular and Cellular Predictors of Breast Cancer (#10-0755) from 125 women diagnosed
Massachusetts General Hospital (Partners) between 1977 and 1993. Slides were immunostained
for AR as described below and evaluated for the percentage and intensity of AR.

Immunohistochemistry

Slides were deparaffinized in a series of xylenes and ethanols, and antigens were heat
retrieved in 10mM citrate buffer, pH 6.0. Tissue for BrdU was incubated in 2N HCI followed by
0.1M sodium borate following antigen retrieval. Antibodies used were AR clone 441
(Dakocytomation; Carpinteria, CA) and BrdU clone B44 (BD Biosciences). Envision
horseradish peroxidase (Dakocytomation) was used for detection.

In Situ Hybridization

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining for
apoptosis was performed using the ApopTag Plus Peroxidase In Situ Apoptosis Detection kit
(Millipore; Billerica, MA), per the manufacturer’s instructions.

Immunoblotting



Whole cell protein extracts (50 ug) were denatured, separated on SDS-PAGE gels and
transferred to polyvinylidene fluoride membranes. After blocking in 3% bovine serum albumin
in Tris-buffered saline—-Tween, membranes were probed overnight at 4°C. Primary antibodies
utilized include: AR (PG-21, 1:500 dilution; EMD Millipore, Darmstadt, Germany), TOPO1 (C-
21, 1:100 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX), p44/42 MAPK (4695, 1:1000;
Cell Signaling Technology), phospho p44/42 MAPK (9101S, 1:500; Cell Signaling Technology)
and a-TUBULIN (clone B-5-1-2, 1:30,000 dilution; Sigma Aldrich). Following secondary
antibody incubation, results were detected using Western Lighting Chemiluminescence Reagent
Plus (Perkin Elmer; Waltham, MA).

Cellular fractionation

Cellular fractionation was performed using the NE-PER Nuclear and Cytoplasmic
Extraction Kit (Pierce Biotechnology; Rockford, IL) as per the manufacturer’s instructions.

Real-time quantitative polymerase chain reaction

RNA was isolated by Trizol (Invitrogen; Grand Island, NY) and cDNA was synthesized
from 1 pg total RNA, using M-Mulv reverse transcriptase enzyme (Promega; Fitchburg, WI).
SYBR green quantitative gene expression analysis was performed using the following
primers: AREG forward, 5-CGAACCACAAATACCTGGCTA-3" and AREG reverse, 5'-
TCCATTTTTGCCTCCCTTTT-3"; BACTIN forward, 5S'-CTGTCCACCTTCCAGCAGATG-3’
and SACTIN reverse, 5'-CGCAACTAAGTCATAGTCCGC-3'; and RPL13A forward, 5'-
CCTGGAGGAGAAGAGGAAAGAGA-3" and RPL13A reverse, 5'-
TTGAGGACCTCTGTGTATTTGTCAA-3'. Relative gene expression was calculated using the
comparative cycle threshold method and values were normalized to S-ACTIN or RPL13A.

Statistical significance



Statistical significance was evaluated using a two-tailed student’s t-test or ANOVA with
GraphPad Prism software. A P-value of less than or equal to 0.05 was considered statistically

significant.
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Results

Androgen receptor is expressed in 22% of TNBC patient tumors and in multiple

molecular subtypes of triple negative breast cancer.

We examined 125 hormone receptor negative, HER2 < 10% positive (negative by
College of American Pathology (CAP) and FDA criteria) breast cancers for the presence of
androgen receptor (AR). In this group of tumors, 22% showed some nuclear staining (range 1-
100%). The presence of AR positive tumor nuclei strongly correlated with older patients using
the Pearson Product Moment correlation (r =0.383, p<0.0001). There was a modest correlation
between tumors from older patients with lower measures of proliferation (MIB-1 r=-0.230,
p=0.0121 and mitoses/10hpf r=-0.204, P=0.0255). Representative images with a range of AR
expression are displayed in Fig. 1A. Nuclear AR expression indicates that AR may be ligand-
bound and transcriptionally active in AR+ TNBC. Our findings are consistent with earlier studies

which have reported AR protein expression in 12-36% of TNBC (6-9).

Previously, Lehmann et al. report that TNBC is a heterogeneous disease with the highest
AR mRNA and protein expression within the luminal AR molecular subtype (LAR) of TNBC
(14). However, AR is also expressed in cell lines representing the basal-like 1 and 2 (BL1, BL2),
mesenchymal-like (ML), and mesenchymal stem-like (MSL) TNBC molecular subtypes (Fig.
1B) and may also present an opportunity for targeted therapy in these subtypes. In two non-LAR
TNBC cell lines, treatment with DHT increased AR nuclear localization, while ENZ, which
blocks AR nuclear localization, inhibited this effect (Fig. 1C). These findings suggest that AR
nuclear localization is blocked by ENZ in non-LAR molecular subtypes and that AR is expressed

in cell lines representing multiple molecular subtypes of TNBC in addition to the LAR subtype.
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Androgen receptor inhibition decreases baseline proliferation and increases

apoptosis in AR+ TNBC.

Androgen receptor inhibition was studied in four cell lines representing non-LAR TNBC
subtypes including SUM159PT (MSL), HCC1806 (BL2), BT549 (ML) and MDA231 (MSL). By
crystal violet staining, DHT increased baseline proliferation of the SUM159PT cell line and ENZ
significantly decreased ligand-mediated and baseline proliferation in charcoal-stripped serum
(Fig. 2A, P<0.01). Interestingly, ENZ decreased baseline proliferation of HCC1806, BT549 and
MDAZ231, but DHT did not increase baseline proliferation in these cell lines. ENZ also increased
caspase 3/7 activity compared to vehicle control (Fig. 2B, P<0.001). In soft agar, ENZ
significantly decreased colony formation compared to vehicle control in full serum conditions
(Fig. 2C), suggesting that ENZ decreases anchorage-independent growth and may decrease

tumorigenicity in vivo.

To confirm that the effects of ENZ are specific to AR inhibition, we examined the effects
of shRNAs specifically targeting AR (shAR15, shAR17) compared to a non-targeting control
(shNEG). Transduction of ShRNAs targeting AR decreased AR protein expression and
significantly reduced proliferation in an MTS assay in four non-LAR TNBC cell lines (Fig. 3A-
C). By crystal violet assay, AR knockdown significantly inhibited baseline and ligand-mediated
proliferation of SUM159PT cells indicating that the ShRNAs are effectively targeting AR (Fig.
3C). The SUM159PT cell line was chosen for this assay because DHT increases its baseline
proliferation in vitro. AR knockdown also increased apoptosis in all four cell lines as measured

by cleaved-caspase 3 activity (Fig. 3D).

Enzalutamide decreases tumor viability in vivo.
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Luciferase-tagged SUM159PT-TGL cells, representing the MSL TNBC subtype, were
bilaterally injected into the mammary fat pads of immune-compromised mice and treated with
ENZ or vehicle control (Veh) following randomization when the tumors reached 50 mm?® (Day -
1, Supplementary Fig. S1A and S1B). ENZ significantly decreased luciferase activity on day 35
(P=0.008, Fig. 4A-C). While no significant differences between caliper measurements or tumor
weights were found between treatment groups (Supplementary Fig. S2A, S2B, and S2C),
hematoxylin and eosin (H&E) staining demonstrated that the median percentage of necrotic
tumor was 90% in the ENZ treatment group compared to 10% in Veh xenografts (P=0.009, Fig.
4D). ENZ-treated xenografts also exhibited a four-fold increase in TUNEL staining, compared to

vehicle-treated controls (P=0.04, Fig. 4E).

As in the SUM159PT xenograft study, luciferase-tagged HCC1806-TGL cells, which
represent the BL2 TNBC subtype, were bilaterally injected into the mammary fat pads of
immune compromised mice and treated with ENZ or Veh following randomization
(Supplementary Fig. S1C and S1D). ENZ significantly decreased luciferase activity on day 14
(P=0.041, Supplementary Fig. S3A-S3C). HCC1806 xenografts grew at a faster rate than
SUM159PT xenografts, resulting in early termination of the study on day 14 and relatively
higher necrosis in both treatment groups. However, by H&E staining, ENZ-treated xenografts
had a significant increase in percent necrotic tumor (Supplementary Fig. S3D). No significant
differences between caliper measurements or tumor weights were found between treatment
groups (Supplementary Fig. S2D-S2F). In summary, our results show that ENZ decreases
cellular viability while increasing necrosis and apoptosis in vivo in multiple non-LAR molecular

subtypes of TNBC in addition to the LAR MDA-MB-453 cell line previously reported (17).
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Androgen receptor inhibition alters cellular morphology and decreases migration

and invasion.

AR knockdown altered cellular morphology of BT549 and MDA231 cells in 3D Matrigel
(BD Biosciences) culture from stellate to round (Fig. 5A). In a scratch wound assay, AR
knockdown significantly decreased migration compared to a non-targeting control in four AR+
non-LAR cell lines (Fig. 5B). Scratch wound assays were conducted in serum-starved, attractant-
free conditions and over a short time course to minimize potential confounding effects of AR
knockdown on cell proliferation. MDA231 and BT549 cell lines invade through Matrigel
without an attractant and AR knockdown in these cell lines inhibited invasion (Fig. 5C). Changes
in cellular morphology and decreased migration and invasion were next examined in BT549 cells
treated with ENZ. In 3D Matrigel, cellular morphology was altered from predominately stellate
to predominately round (Fig. 5D), and migration (Fig. 5E left) and invasion (Fig. 5E right) were
significantly inhibited by ENZ. In identical serum-starved conditions, BT549 control wells
treated with ENZ and cleaved-caspase reagent (Essen BioSciences) exhibited no changes in
proliferation or apoptosis (Supplementary Fig.S4), demonstrating that AR influences migration

independently of proliferation or apoptosis.

Amphiregulin is regulated by androgen receptor in TNBC and rescues decreased

proliferation and migration associated with androgen receptor inhibition.

By microarray and AR chromatin immunoprecipitation of an immortalized human prostate
epithelial cell line, Bolton et al. identified amphiregulin (AREG) as an AR-regulated gene (24).
AREG is required for mammary ductal morphogenesis and is the predominant epidermal growth

factor receptor (EGFR) ligand during mammary gland development (25). To date, AR is not
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known to regulate AREG in breast cancer or normal breast tissue. However, within TNBC, AR
expression correlates with activated EGFR (26). We thus hypothesized that AR may regulate

AREG in TNBC.

By quantitative real-time PCR (QRTPCR), treatment with ENZ decreased AREG mRNA
expression in by 2-fold in SUM159PT and 4-fold in HCC1806 (P<0.001, Fig. 6A). At the protein
level, treatment with DHT significantly increased secreted AREG by ELISA in both SUM159PT
and HCC1806 (P<0.05, Fig. 6B). EGFR activation by AREG induces multiple downstream
signaling pathways including MAPK (16). Compared to non-targeting controls, AR knockdown
decreased endogenous phosphorylation of ERK while exogenous AREG rescued this effect in
HCC1806 (Fig. 6C). These results were recapitulated in the SUM159PT cell line (data not

shown).

Given our data suggesting that AR regulates AREG which activates the MAPK signaling
pathway with key roles in proliferation, migration and invasion(27), we next tested whether
exogenous AREG would rescue the phenotypes associated with AR inhibition. As in Figure 4B,
AR knockdown significantly inhibited proliferation of HCC1806 compared to non-targeting
controls, and the addition of exogenous AREG partially rescued this effect (P<0.0001, Fig. 6D).
Similarly, AR knockdown decreased migration of HCC1806 cells (as in Fig. 5B) and exogenous
AREG partially rescued this effect (Fig. 6E, left) without altering proliferation in these serum-
free conditions (Fig. 6E, right). Exogenous AREG also partially rescued proliferation and
invasion in SUM159PT (data not shown). Together, these data indicate that AR regulation of
AREG is one mechanism by which AR effects proliferation, migration and invasion in AR+

TNBC.
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Discussion

Compared to non-TNBC patients, TNBC patients with residual disease following
chemotherapy have a significantly worse overall survival (2). The poor prognosis of TNBC
patients is due, in part, to a lack of effective targeted therapy. However, AR is expressed in up to
a third of TNBC patients (6-9) and represents an opportunity for targeted therapy. Indeed, if AR-
targeted therapy is effective in AR+ TNBC, it would represent the first effective targeted therapy
for this aggressive breast cancer subtype and would greatly benefit this population of women.
Previous studies focused on the role of AR in the high AR-expressing, LAR molecular subtype
of TNBC and found that they were responsive to bicalutamide, while the non-LAR subtypes
were less responsive or non-responsive (14). In contrast, we find that multiple non-LAR
subtypes with relatively low AR expression critically depend on AR for proliferation, migration
and invasion and that even those previously found to be resistant to bicalutamide are sensitive to
the new-generation anti-androgen ENZ in vitro and in vivo.

In TNBC cell lines representing the "mesenchymal-like," "mesenchymal stem-like," and
"basal-like" molecular subtypes (14), pharmacological inhibition of AR with ENZ and AR
knockdown decreased proliferation and anchorage-independent growth, and increased apoptosis.
Thus, AR may be required for optimal baseline proliferation even though DHT does not increase
proliferation in all AR+ TNBC cell lines. The discordance between baseline inhibition and lack
of ligand-mediated proliferation in some cell lines may indicate that the mechanism by which
AR mediates proliferation in TNBC is non-transcriptional or ligand-independent in some cell
lines.

Decreased proliferation and increased apoptosis by AR inhibition in vitro was

recapitulated in SUM159PT and HCC1806 xenografts in nude mice. Sensitivity of SUM159PT

xenografts to ENZ contrasts previous work demonstrating that bicalutamide did not inhibit tumor
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volume (14). The discrepancy in results may be due to differences in the mechanisms of action
of the two AR antagonists. Bicalutamide permits AR nuclear localization and binding to
chromatin, recruiting co-repressors rather than co-activators, while ENZ inhibits nuclear
localization and DNA binding (28). Bicalutamide has partial agonist effects in prostate cancer
(29), and thus may also have partial agonist effects in TNBC. However, it should be noted that
ENZ significantly increased tumor necrosis but did not decrease tumor volume according to
caliper measurements. Thus, an increase in necrosis may not have been apparent in the
bicalutamide study by measurement of tumor volume alone.

A phase Il clinical trial of bicalutamide in AR+/ER-/PR- metastatic breast cancer
reported a 19% clinical benefit rate and a 12 week longer median progression free survival (19).
Of note, the study included HER2 amplified patients and required 10% AR positive staining for
trial eligibility. However, bicalutamide has partial agonist effects (29) and prostate cancer
patients who acquire resistance to bicalutamide often respond to ENZ (30), suggesting that ENZ
may also be a more effective antagonist in TNBC. The results of the present study are promising
and timely as a phase |1 clinical trial is currently testing the efficacy of ENZ in AR+ TNBC
(NCTO01889238). Importantly, we find that non-LAR subtypes critically depend on AR, perhaps
indicating that patients with relatively low AR expression may also benefit from AR-targeted
therapy. The trial has recently expanded patient eligibility to 1% AR+ staining, which may
greatly improve the number of patients eligible for treatment.

In vitro, AR inhibition altered cellular morphology and decreased migration and invasion
suggesting that AR+ TNBC is also dependent on AR for these functions. Extensive evidence
suggests that advanced, metastatic prostate cancer is causally related to continued AR activation

(5) and recent prostate and bladder cancer studies demonstrate that AR regulates multiple
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metastasis-promoting genes (31-33). In breast cancer, initial surgically resected breast cancer
metastases retain nuclear AR expression as in the primary tumor (34). Interestingly, breast
cancer metastases, including those in TNBC patients, also have significantly increased AR
phosphorylation (35), indicative of active receptors.

Multiple studies have demonstrated that AR expression is associated with an overall
favorable prognosis in breast cancer including the TNBC subtype (8, 36-38). However, this is
not surprising because like ER, AR is indicative of a more well-differentiated form of the
disease, but may still drive tumor growth and therefore serve as a rational therapeutic target.
High AR expression may be indicative of a more luminal, well-differentiated, less aggressive
tumor, and this confers a good prognosis. Future studies are needed to further characterize the
role of AR in breast cancer metastasis and determine if AR-targeted therapy will reduce
metastatic burden in preclinical models of TNBC.

Treatment with AREG, an EGFR ligand with critical roles in normal mammary gland
development, partially rescued decreased proliferation, migration and invasion resulting from
AR knockdown. Thus, AR regulation of AREG may be one mechanism by which AR mediates
these critical functions and AR antagonists may also indirectly target EGFR signaling. Recent
clinical trials demonstrate that treatment with the anti-EGFR antibody cetuximab in addition to
chemotherapy may benefit patients with metastatic breast cancer (39, 40). In vitro data suggests
that combined AR antagonist and EGFR or ERK1/2 inhibitors may be effective in TNBC (26).
Exogenous AREG only partially rescued phenotypes associated with AR inhibition suggesting
that additional AR-regulated genes are also involved in these phenotypes.

Although extensive genomic studies to identify novel therapeutic strategies have

expanded our knowledge of the diverse molecular biology of TNBC, there are currently no
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effective targeted therapies for TNBC patients. The present study demonstrates that multiple
molecular subtypes of TNBC depend on AR for critical cancer phenotypes. Despite
heterogeneity among tumors, hormone receptor-targeted therapies have greatly improved the
prognosis of multiple hormone-related malignancies and exploiting AR dependence with AR-

targeted therapies may ultimately improve TNBC patient prognosis.
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Figure 1. Androgen receptor expression and nuclear localization in triple negative breast cancer
patient samples and cell lines. A, Immunohistochemistry (IHC) of androgen receptor (AR)
protein expression (brown) in a panel of triple negative breast cancer (TNBC) patient samples.
Photomicrographs represent a 400X magnification. B, Western blot for AR expression in a panel
of TNBC cell lines representing multiple molecular subtypes of triple negative breast cancer
(TNBC) including basal-like 2 (BL2), mesenchymal stem-like (MSL), and mesenchymal-like
(ML) (14). The prostate cancer cell line LNCaP is shown as a positive control for AR. C,
Nuclear-cytoplasmic fractionation of TNBC cell lines grown in 5% charcoal stripped serum for
48 hours and following a three hour treatment with vehicle control (Veh), enzalutamide (ENZ),
and/or dihydrotestosterone (DHT). Topoisomerase | (TOPOI) is a loading control for the nuclear

fraction and a-TUBULIN is a loading control for the cytosolic fraction.
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Figure 2. Enzalutamide decreases proliferation and anchorage independent growth and increases
apoptosis in cell line models of multiple triple negative breast cancer molecular subtypes. A,
Crystal violet assay of triple negative breast cancer (TNBC) cell lines treated with vehicle
control (Veh), enzalutamide (ENZ), and/or dihydrotestosterone (DHT) in 5% charcoal-stripped
serum for 5-10 days. B, Apoptotic index (green count/nuclear red count) of nuclear red
SUM159PT and BT549 cell lines treated with Veh (open circle) or ENZ (solid square) and green
fluorescent caspase 3/7 reagent and imaged on the Incucyte ZOOM (Essen BioSciences). C, Soft
agar assays of TNBC cell lines treated with Veh or ENZ in full serum, stained with nitro blue
tetrazolium, and quantified using pixel contrast analysis. *P<0.05, **P<0.01, ***P<0.001 and

error bars represent standard deviations.
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Figure 3. Androgen receptor knockdown inhibits baseline and ligand-mediated proliferation and
increases apoptosis in triple negative breast cancer. A, Western blot of triple negative breast
cancer (TNBC) cell lines infected with sShRNAs targeting AR (shAR15, shAR17) compared to a
non-targeting control (ShNEG). B, MTS assays of transduced TNBC cell lines. C, Crystal violet
assay of transduced SUM159PT shNEG or shAR15/shAR17 cells treated one week with vehicle
control (Veh), enzalutamide (ENZ), and/or dihydrotestosterone (DHT). D, Changes in apoptosis
in AR knockdown cells measured with cleaved-caspase reagent (Essen BioSciences) and
normalized to cell count (apoptotic index) at 42 hours. Staurosporine (SSP) was used a positive
control for apoptosis.* P<0.05, ***P<0.001 by ANOVA and error bars represent standard

deviations.
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Figure 4. Enzalutamide decreases cellular viability and increases necrosis and apoptosis in
SUM159PT xenografts. A, Total flux growth curve of SUM159PT nude mice xenografts
bilaterally injected into the mammary fat pads. Mice were randomized at day -1 and treatment
was initiated on day 0. P-value represents a two-tailed t-test comparing total flux between groups
on day 35 and error bars represent standard error of the mean. B, Change in total flux between
randomization and day 35, by mouse. C, Luminescent overlay of VVeh and ENZ treated mice. D,
Percent necrotic tissue by hematoxylin and eosin (H&E) staining was scored by a pathologist
blinded to sample identity. Horizontal bars represent median percentage necrotic tissue. P-value
represents a two-tailed t-test comparing percent necrosis between groups on day 35.
Photomicrographs depict examples of tumor xenograft H&E staining showing viable tumor
(\Veh) and necrotic tumor (ENZ). E, Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) staining for apoptosis. Photomicrographs depict examples of TUNEL

staining. *P<0.05 and error bars represent standard error of the mean.
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Figure 5. Androgen receptor inhibition decreases migration and invasion of triple negative breast
cancer cells. A, Cellular morphology (200X) of BT549 cells transduced with a non-targeting
control (ShNEG) compared to a ShRNA targeting androgen receptor (AR, shAR15) in 3D
Matrigel culture. Arrow exhibits stellate cellular morphology. B, Migration scratch wound assay
of triple negative breast cancer (TNBC) cell lines with AR knockdown under serum-starved
conditions. C, Scratch wound assay of TNBC AR knockdown cell lines invading through
Matrigel. D, Changes in cellular morphology of BT549 cells treated with enzalutamide (ENZ) in
3D Matrigel culture (200X). E, Migration (left) and invasion (right) assays of BT549 cells

treated with ENZ. **P<0.01, ***P<0.001 by t-test at the final time point.
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Figure 6. AR regulation of amphiregulin mediates baseline proliferation and migration of TNBC.
A, Quantitative real-time PCR (qQRTPCR) for amphiregulin (AREG) in SUM159PT cells after 24
hours (microarray experiment time point) and 48 hours of treatment with enzalutamide (ENZ) in
full serum. gRTPCR for AREG in HCC1806 cells following 4 and 8 hours of treatment with
ENZ in full serum. B, ELISA for extracellular AREG in SUM159PT and HCC1806 cell lines
treated with dihydrotestosterone (DHT) for 48 and 72 hours respectively. C, Western blot of
HCC1806 shNEG and shAR15 cells treated for thirty minutes with exogenous human
recombinant AREG and probed for phospho-ERK (pERK), ERK or AR. a-TUBULIN is shown
as a loading control. D, Proliferation assay of HCC1806 shNEG and shAR15 cells in the
presence of exogenous AREG. E, Migration (left) and proliferation (right) assays of HCC1806
cells treated with exogenous AREG in identical, serum starved conditions. F) AREG protein
expression by IHC in SUM159PT xenografts. Photomicrographs depict representative AREG

staining (400X). *P<0.05, ***P<0.001 by t-test.
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Supplementary Figure S1. Total flux and caliper measurements of SUM159PT and HCC1806
xenografts at randomization. A, SUM159PT caliper measurements at randomization. B, Total
flux of SUM159PT xenografts at randomization. C, HCC1806 caliper measurements at

randomization. D, Total flux of HCC1806 xenografts at randomization.
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Supplementary Figure S2. Enzalutamide does not significantly decrease caliper volume or tumor
weight of SUM159PT and HCC1806 xenografts. A, Caliper measurements of SUM159PT
xenografts over time. B, Tumor volume of vehicle control and enzalutamide (Enza) treated
SUM159PT xenografts at day 35 (P=0.22). C, Weight of extracted SUM159PT xenografts by
treatment group. D, Caliper measurements of HCC1806 xenografts over time. E, Tumor volume
of vehicle control and enzalutamide (Enza) treated HCC1806 xenografts at day 14 (P=0.12). F,

Weight of extracted HCC1806 xenografts by treatment group.
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Supplementary Figure S3. Enzalutamide decreases cellular viability in HCC1806 xenografts. A,
Total flux growth curve of HCC1806 nude mice xenografts bilaterally injected into the
mammary fat pads. Mice were randomized at day 0 and treatment was initiated with 10 mg/kg
enzalutamide (ENZ) or vehicle control chow (Veh). P-value represents a two-tailed t-test
comparing total flux between groups on day 14. B, Change in total flux between randomization
and day 14 by mouse. C, Luminescent overlay of Veh and ENZ treated mice at day 14. D,
Percent necrotic tissue by hematoxylin and eosin (H&E) staining. Horizontal bars represent
mean percentage necrotic tissue. P-value represents a two-tailed t-test comparing percent
necrosis between groups on day 14. Photomicrographs depict examples of tumor xenograft H&E

staining showing viable tumor (Veh) and necrotic tissue (ENZ).
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Supplementary Figure S4. No change in proliferation or apoptosis between enzalutamide and
vehicle control groups during the migration assay. A) Nuclear red counts of BT549 cells on
control, non-scratched plate over the duration of the migration assay. B) Apoptosis as measured

using a cleaved-caspase reagent and normalized to nuclear red count (apoptotic index).
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